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ABSTRACT

Multistage hydraulic fracturing (MsHF) is a technique often combined with horizontal
drilling for the extraction of oil or gas from unconventional plays. MsHF alters the magnitude
and orientation of the principal stresses along the length of an induced fracture. This stress
alteration in the vicinity of the hydraulic fracture is commonly called the stress shadow, and the
shadow impacts the propagation of the subsequent fracture. This study utilized numerical
simulations and theory-based analytical models to establish a relationship between hydraulic
fracture and stress shadow development.
This study developed a methodology for optimizing hydraulic fracture spacing by
considering the stress shadow effect. A numerical simulator, XSite, an Itasca Consulting Group
geomechanics simulation software, was used to understand the effect of formation properties and
hydraulic fracture parameters in stress shadow development. Investigation of the impacts of each
parameter was performed on each hydraulic fracture stage. Then the influence of the first stage on
the next stage was investigated to understand stress shadow behavior.

Sneddon-Elliott's (SE) equation was modified and utilized to calculate stress alteration
around the length of an induced fracture. This modification allowed a stress alteration calculation
around a hydraulic fracture and a multistage hydraulic fracture along the wellbore. The
modification, called analytical SE, was deduced by understanding the 2D model of the PKN
model and Sneddon-Elliott penny-shape fracture. The results from the analytical model and
numerical simulations were compared to examine the theory and for comparison purposes.
xiv

The study shows that formations with higher Young’s modulus generally produce longer
hydraulic fractures, whereas Poisson’s ratio does not affect fracture length. Fracture geometry and
stress anisotropy play an important role in controlling the stress shadow regime. Stress anisotropy
influences the propagation direction of a hydraulic fracture but does not affect fracture length. Net
pressure, defined as the pressure contrast between shut-in fracture pressure and minimum horizontal
stress, is important in controlling the stress shadow area. Larger net pressures lead to larger stress
shadow regimes. The research results from both the modified SE and numerical simulations show
that the optimum normalized fracture spacing is 0.71, i.e., the optimum fracture spacing is 210–245
ft for the Bakken Formation, where the fracture length is 300–350 ft.

xv

1.
CHAPTER 1
MULTISTAGE HYDRAULIC FRACTURING

1.1.Introduction
Across the United States and North America, shale oil reservoir developments are a growing
source of natural oil and gas reserves. However, they are unable to be produced at commercial
rates without the successful application of some specific recovery processes due to the shale's
ultra-low permeability. Despite its poor petrophysical properties, shale rocks have proven to be
an excellent source of oil and gas, capable of producing at commercial rates when completed
with multistage hydraulic fractured horizontal wells (Ayers, 2005). In 2013, The United States
Geological Survey (USGS) released an estimate of 7.38 billion barrels of oil held within the shale
oil reservoir in the Bakken Formation, while the North Dakota (N.D.) Department of Mineral
Resources reported production of 33,507,265 bbl at an average of 1,116,909 bbls per day as of
November 2021. The enormous potential reserve made the Bakken petroleum system one of the
most significant discoveries, a crucial unconventional play in the U.S. petroleum production, and
helped the country become energy independent. However, despite producing millions of barrels
of oil per day, ND Bakken's recovery factor is approximately 7%, while typical oil fields produce
over 20% to 40% of the oil in place (Muggeridge et al., 2014). The low recovery factor has led
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to several studies on improving recovery by optimizing the multistage hydraulic fracturing
(MsHF) technique.
Hydrocarbon production from shale plays is technically and economically challenging. The
primary economic challenge that the industry is facing is the high cost of new wells combined
with low recovery factors and a high initial decline rate. The high production decline rate requires
either drilling new wells or optimizing production of old wells by conducting re-stimulation to
maintain the overall production levels. Without newly drilled wells or any re-stimulation work,
the production of the Bakken formation declines rapidly in the first several months after the first
production (Figure 1.1), and it was hypothesized due to the topology and specifically the pore
structure (geometry and topology) within the matrix (Anyanwu, 2015).

Figure 1.1: Decline curve analysis of Bakken showing ten-year probabilistic-type curve (PTC) for all
horizontal wells in the Bakken Formation (Cook, 2013).

MsHF is a technique often required for the extraction of oil or gas from unconventional plays.
This technique is often combined with horizontal drilling, another technique that extends
2
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reservoir contact with the wellbore. MsHF is performed within the horizontal section of the well,
as illustrated in Figure 1.2. The number of stages per well has increased since MsHF was
introduced in 2009, with five to ten stages per lateral. Currently, the number of stages may reach
up to 60 stages in a 10,000-ft lateral section. Each stage will have up to six groups of perforations,
commonly called clusters.

Perforation Cluster

Unconventional
Reservoir

Horizontal Well

Multistage Hydraulic Fracture

Figure 1.2: Illustration of multistage hydraulic fracturing within the horizontal section of the well.

Introducing fractures into the formation alters the stresses in the vicinity of the fracture. Initially,
the stresses are called principal stresses. There are three principal stresses, the vertical stress (σv),
the maximum horizontal stress (σH), and the minimum horizontal stress (σh), as illustrated in
Figure 1.3. Theoretically, a hydraulic fracture (H.F.) will preferentially propagate perpendicular
to the minimum principal stress. As closely spaced hydraulic fractures develop and interact
during a fracturing stage, stress begins to accumulate in the target zone and causes a stress
shadow (Figure 1.4). The stress shadow increases the minimum horizontal stress in the zone,
thereby gradually reducing the stress anisotropy (σH – σh) with the natural barriers that contain

3
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the fractures (Patterson, 2017; Dohmen et al., 2014). Reduced stress anisotropy changes the H.F.
orientation and geometry, as illustrated in Figure 1.4, top), limiting the well's productivity. The
impact of stress shadows and resulting stress anisotropy changes can be minimized by controlling
the fracture spacing, illustrated in Figure 1.4, bottom). Controlling the fracture spacing will affect
the total stimulated reservoir volume (SRV) of each well, so an optimum fracture spacing should
also consider the effect on the SRV, which is beyond the objective of this research.

σV

σh
σH
Figure 1.3: Illustration of principal stresses in a formation.

Figure 1.4: Illustration of hydraulic fracture geometry due to the stress shadow effect (top) and
minimized stress shadow effect (bottom). The fracture spacings are illustrated as units x and y,
respectively (Zandy et al., 2020).

4

Chapter 1 Multistage Hydraulic Fracturing
Field observations suggest that typically only up to 30% of the total number of clusters in a well
account for the vast majority of a well's overall production (Rahim, 2017; Lecampion et al., 2015;
Dohmen et al., 2014). This low percentage is caused by the stress shadow generated by the
previous fracture that impacts the growth of the subsequent fractures. Figure 1.5 provides an
example of the stress shadow effect on the fracture geometry observed from microseismic events.
Dohmen et al., 2014 investigation shows the stress shadow affected the fracture stage 4, 5, 10,
and 11. According to their microseismic interpretation, fracture stages 4, and 5 were impacted
the most by the stress shadow accumulation generated by the previous fracture stages, stages 1,
2, and 3. Stages 4 and 5 grew unexpectedly out of the target zone, but they eliminated or
minimized the stress shadow impact in the target zone. As shown in Figure 1.5, fracture stages
6, 7, and 8 propagated identically with stages 1, 2, and 3.

Figure 1.5: Schematic representation of fracture geometries affected by stress shadow, processed from
the histograms of microseismicity events (insert image) (Dohmen et al., 2014).

Figure 1.6 illustrates the effect of fracture spacing on well productivity. The majority (>70%) of
the well's production comes from only 20% of the total clusters, while 50% of the clusters
5

Chapter 1 Multistage Hydraulic Fracturing
contribute no hydrocarbons at all. This inefficiency in hydrocarbon production results from poor
fracture spacing between clusters. The hydraulic fractures in each cluster require a proper
placement, or spacing, for effective propagation. Fracture spacing in MsHF is determined
primarily by reservoir properties (e.g., Young's modulus and Poisson's ratio) along the wellbore
trajectory. The profile of Young's modulus and Poisson's ratio along the wellbore defines the
mechanical properties of the formation that should be taken into consideration in MsHF designs.

Figure 1.6: Inefficient hydraulic fracture spacing affects the cluster's effectiveness of producing gas;
70% of the gas production comes from three clusters, while seven of the 14 clusters do not contribute
any production to the well (modified from Rahim, 2017).

Principal stresses are another important factor that affects the orientation of hydraulic fractures.
In the MsHF system, the maximum horizontal (σH) and the minimum horizontal stress (σh) are
the main parameters determining the impact of stress shadow on subsequent fractures. The
difference between these two stresses is known as stress anisotropy (∆𝜎), which is given as:
∆𝜎 = (𝜎𝐻 − ∆𝜎ℎ )

(Eq. 1.1)

Fracture geometry is another crucial parameter for MsHF in unconventional plays. Macrofractures created through hydraulic fracturing commonly form a thin crack propagating into the
6
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formation. The macro-fractures intersect the preexisting natural fractures present in the rock
matrix thereby enhancing the natural fracture network, allowing hydrocarbons to flow into the
wellbore. The microfractures around the hydraulic fracture are primarily generated by fluid leakoff during stimulation. These microfractures, illustrated in Figure 1.4, bottom), will improve the
overall fracture conductivity and extend the SRV of the hydraulic fractures. Increased SRV will
result in short- and long-term increases for both the well productivity and the hydrocarbon
recovery factor (Fisher et al., 2004).
1.2.Statement of Problem
Hydraulic fracturing alters the magnitude and orientation of the principal stresses surrounding an
induced fracture's geometry (length and height). The stress alteration in the vicinity of the H.F.
is commonly called the stress shadow, where this zone will impact the propagation of the
subsequent fractures in MsHF. As mentioned in Chapter 1.1, formation properties (e.g., Young's
modulus, Poisson's ratio, and stress anisotropy) and hydraulic fracture parameters (spacing,
fracture length, and net pressure) control stress shadow development (Yong et al., 2021; Liu et
al., 2020; Kumar and Ghassemi, 2015; Gandossi, 2013; Ling et al., 2013).
Even though previous studies have led to an understanding of stress shadow development
(Taghichian et al., 2014; Cai et al., 2017), a relationship between H.F. spacing and stress shadow
has not been established which defines an optimum H.F. spacing for a specific well and
formation. In addition, the stress shadow definition is unclear. This study will investigate the
effect of formation and hydraulic fracture parameters on stress shadow development and explore
a new definition of stress shadow. A relationship between H.F. spacing and stress shadow will
be developed to improve MsHF designs. Optimizing H.F. spacing by accounting for stress

7
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shadow development will increase SRV and formation productivity in both the short and long
term.
1.3.Research Objectives
The goal of this study is to develop analytical models and conduct numerical simulations to
estimate stress shadow in the vicinity of an H.F. The objectives to achieve this goal are
summarized below:
•

Extensive literature review on the stress shadow development around an H.F. This includes
numerical simulations, experimental laboratory studies, analytical models, and field studies.
The Bakken Formation data (i.e., Young's modulus, Poisson's ratio, principal stresses,
permeability, and pressure) was collected for the numerical simulation and analytical model
inputs.

•

Numerical simulations using lattice-based software (XSite). This work will allow us to
identify the relationship between H.F. parameters and formation properties, understand the
parameters that affect the development of stress shadow around an H.F., and determine the
effect of stress shadow on H.F. geometry and multistage hydraulic fracturing design.

•

Modifying the Sneddon-Elliot stress equations to develop new analytical models to estimate
the stress distribution around an H.F. and MsHF.

•

Comparison between the results from numerical and analytical models. This includes the
evaluation of stress shadow estimation in MsHF using both analytical and numerical models.

1.4.Methodology
The following methods were conducted to fulfill the objectives of this study:
1. An extensive literature review to investigate equations on stress distribution around an H.F.
(e.g., Sneddon-Elliot, Pollard-Segall, and Warpinski-Teufel); compile experimental
8
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laboratory studies on MsHF, and collect the Bakken Formation properties as the inputs for
both numerical and analytical models.
2. Numerical simulations using XSite software to understand the stress shadow development
around an H.F. The formation properties (Young's modulus and Poisson's ratio) were
investigated to understand the effect of each property on the H.F. geometry. Net pressure and
stress anisotropy were investigated to understand the impact of stress shadow development
on MsHF design.
3. Analytical models were performed to improve the prediction of the stress distribution around
an H.F. The impact of stress anisotropy and net pressure in three-stage models were evaluated
to determine the analytical models' ability to estimate stress shadow around MsHFs.
4. The results of numerical simulations and analytical models were compared to understand the
accuracy of the analytical models in estimating the stress shadow in MsHF design.
1.5. Significance
The results of this research study are multifold, including the following:
1. The Sneddon-Elliot equations were modified to enable stress alteration estimation in the
vicinity of the H.F. length in a single fracture and an MsHF system. Most of the analytical
works focus on stress distribution along the wellbore and the stress shadow impact on the
subsequent fracture. This modification allows calculating stress alteration distribution along
the H.F. length from the center of the H.F. to the H.F tip instead of only along the wellbore.
This modification provides a capability to understand the stress shadow impact on the
subsequent fracture and predict the direction of subsequent fracture propagation.
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2. A relationship between an H.F. spacing and stress shadow was identified at various stress
anisotropy values, which would improve the MsHF design by taking into account the stress
shadow.
3. The analytical model results were compared with the numerical model results to validate the
applicability and feasibility of the analytical model.
4. Optimum fracture spacing for MsHF in unconventional plays was proposed by taking stress
shadow impact into account in various stress anisotropy conditions.
5. A new definition of stress shadow was presented by considering the impact of stress alteration
on the subsequent fractures. This new definition distinguishes the stress shadow area and the
stress alteration area.
1.6. Dissertation Outline
This dissertation consists of six chapters. The outline of the dissertation is as follows:
Chapter 1 presents the introduction of unconventional reservoirs, especially the Middle Bakken
Formation and MsHF. This Chapter also discusses the statement of problem in understanding the
stress shadow around an H.F., research objectives, and methodologies.
Chapter 2 provides a comprehensive literature review in stress shadow development around an
H.F., numerical simulation works, experimental works, and field-scale studies to understand a
hydraulic fracture's stress shadow and propagation. Some analytical model works are also
discussed in this Chapter as the reference for the analytical model discussed in Chapter 4.
Chapter 3 presents the results of numerical simulation using lattice-based software (XSite). The
Bakken Formation properties and XSite model generation are also presented in this Chapter.
Chapter 4 discusses the results of the analytical models in determining the stress distribution in
a multistage hydraulic fracture system. A two-stage model will be used to predict the stress
10
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distribution in the vicinity of stage 1 and stage 2 fracture and to understand the effect of
accumulated stress shadow on the propagation of stage 3 fracture.
Chapter 5 compares the analytical model results and the numerical model results. This step is
necessary to understand the accuracy and feasibility of the proposed analytical model.
Comparisons were performed using a single-stage and a multistage hydraulic fracture model in
multiple fracture spacings.
Chapter 6 presents the conclusions of this study, including the recommendations for future work
related to this topic.
1.7. Summary
This Chapter introduced the Bakken Formation as one of the large unconventional plays
worldwide where horizontal drilling and hydraulic fracturing are prime stimulation techniques.
The multistage hydraulic fracture and stress shadow were explained, and the parameters affecting
hydraulic fracture and stress shadow were reviewed. The research's main goal and objectives are
outlined with the research methodology that were used to fulfill research objectives.
The next Chapter provides a detailed review of the past studies investigating stress shadow
development using numerical simulation, laboratory experiments, and field-scale studies.
Previous analytical works will be discussed briefly as the basis of the analytical work discussed
in Chapter 4.
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CHAPTER 2
STRESS SHADOW

This Chapter presents a review of the literature related to the stress shadow in multistage
hydraulic fracturing. The Chapter is divided into three sections where each section will discuss a
different topic. Subchapter 2.1 provides the literature summary related to field-scale studies,
while Subchapter 2.2 discusses the numerical simulations. The last subchapter (2.3) summarizes
the analytical model studies related to stress shadow prediction.
2.1. Field Scale Studies
Multistage hydraulic fracturing (MsHF) has been the primary technique for the extraction of
hydrocarbon from unconventional plays like the Bakken and Three Forks Formations in the
Williston Basin, North Dakota, since 2008. This technique is often combined with horizontal
drilling to extend the reservoir contact area with the wellbore. Initially, MsHF was performed
with five to ten stages per lateral section (Nordeng et al., 2011; Pearson et al., 2013). With the
evolution of technology, the number of stages has been increasing. Nowadays, MsHF operations
are performed with up to 60 stages in a 15,000-ft lateral section, with up to six perforations in
each stage.
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The oil and gas operators have performed field-scale MsHF optimizations to improve
productivity and increase the stimulated reservoir volume (SRV). Operators have advanced the
application of MsHF techniques by improving every engineering and operational aspect in
MsHF, i.e., fluid type (high-viscosity fluid and slick water), proppant type, completion technique
(open hole and cased hole or slotted liner and plug-and-perf), pumping rate, and extending the
lateral length (Pearson 2013, Ling 2016; Male 2021). In addition to these parameters, another
key design aspect is the stress shadow developed around each fracture in a multistage hydraulic
fracture (H.F.) system that has been the subject of studies by many scientists and researchers.
Dohmen et al. (2014) presented the results of integrating microseismic data to analyze and model
the effects of fracture spacing. Downhole geophones were deployed to monitor microseismicity
events associated with MsHF in three horizontal wells with different fracture spacings in the
Bakken and the Utica Formations. A histogram of microseismic events from each well was
generated to identify the interaction of hydraulic fractures. The comparison of three investigated
wells shows that hydraulic fractures in closely spaced stages interfere with each other, which is
commonly interpreted as stress shadow. In the case shown in Figure 1.5, the effect of stress
shadow developed fractures out of the zone, as shown in stages 4, 5, 10, and 11. According to
their microseismic interpretation, fracture stages 4, and 5 were impacted the most by the stress
shadow accumulation generated by the previous fracture stages, stages 1, 2, and 3. Stages 4 and
5 grew unexpectedly out of the target zone, but this condition seemed to eliminate or minimize
the stress shadow impact in the target zone. As shown in Figure 1.5, fracture stages 6, 7, and 8
propagated identically with stages 1, 2, and 3.
Rahim et al. (2017) evaluated production performance and stimulation coverage of MsHF
treatment. Various evaluation tools (i.e., production and temperature logs, acoustic and
13

Chapter 2 Stress Shadow
temperature measurements, and nonradioactive tracers) were deployed to identify each stage's
stimulation coverage and production performance. The results showed that only 50% of the entire
clusters (7 of 14 clusters) were treated. The majority of the production (70%) is coming out of
20% of the clusters (only 3 of 14 clusters), as shown in Figure 1.6. According to their simulation
result, this inefficient MsHF treatment was caused by the stress shadow created by the previous
fracture that prevents the propagation of the subsequent fractures. Figure 2.1 provides their MsHF
simulation result where the fractures were not initiated in the high-stress area, shown as orange
to red.

Figure 2.1: Stress shadow affects the propagation of the subsequent fractures (Rahim, 2017).

Patterson (2017) investigated stress shadow impact on initial shut-in pressure (ISIP) of each stage
in MsHF using a commercial H.F. simulation software, Gohfer. The simulation results were
validated using the actual ISIP pressure of each fracture stage and the microseismic data. The
simulation result showed that the ISIP value increases gradually due to stress shadow interference
from the previous stages (see Figure 2.2).
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Figure 2.2: Magnitude of change in ISIP of each stage compared to the ISIP of the first stage
(Patterson, 2017).

According to the ISIP profile calculated from each stage, Roussel's (2017) equations were used
to describe how stress shadow influences ISIP behavior and the H.F. height. The microseismic
data interpretation validated the fracture height calculated using Roussel (2017) equations which
are given as:
1−𝑛

∆𝜎𝑠ℎ𝑎𝑑𝑜𝑤 (𝑛) = ∆𝜎𝑝𝑙𝑎𝑡𝑒𝑎𝑢 (1 − 𝑒 𝑒𝑠𝑐 )

(2.1)

−1.36

(2.2)

1

(2.3)

𝑆𝑓
𝑒𝑠𝑐 = 1.928 × (
)
2ℎ𝑓

𝑒𝑠𝑐 1.36
ℎ𝑓 = 𝑆𝑆 × 𝐶𝑁 × (
)
1.928

where ∆𝜎𝑠ℎ𝑎𝑑𝑜𝑤 (𝑛) is the stress changed due to stress shadow per n-stages; ∆𝜎𝑝𝑙𝑎𝑡𝑒𝑎𝑢 is the total
stress change caused by stress shadow; 𝑒𝑠𝑐 is number of stages required for stress changed to
reach a plateau; 𝑆𝑓 is fracture stage spacing; and ℎ𝑓 is fracture height.
2.2.Numerical Simulation Studies
Kumar and Ghassemi (2015) developed a 3D fully coupled numerical model using a combination
of the boundary element method, finite element method, and the linear elastic fracture mechanics
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to study fracture propagation in MsHF operations. A laminar flow and Newtonian fluid behavior
were used in their models. The Niobrara chalk formation properties were used as the model inputs
in their study, as shown in Table 2.1. Sensitivity analysis of various parameters, e.g., net pressure
(Pnet), fracture spacing, and stress anisotropy, was conducted. Figure 2.3 provides the results of
fracture opening and distribution of the minimum horizontal stress distribution for different Pnet.

Figure 2.3: Distribution of fractures opening, fracture geometries, and minimum horizontal stress: (top)
Pnet = 8 MPa, (bottom) Pnet = 12 MPa (Kumar and Ghassemi, 2015).

The effect of various stress anisotropy values were investigated. The results showed different
degrees of planarity in the fracture propagation. In less anisotropic formation, the fractures
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deviate from the maximum horizontal stress direction and promote the curving that results from
the stress shadow. Figure 2.4 provides the results for different stress anisotropy.
Table 2.1. The Niobrara chalk formation properties as model inputs (Kumar and Ghassemi, 2015).

Parameters

Value

Formation depth (h)

2316.5 (m)

Young’s modulus (E)

34.1 (GPa)

Poisson's ratio (ν)

0.29

Mode-I fracture toughness (KIC)

2.0 (MPa m0.5)

Vertical stress (σv)

52.4 (MPa)

Minimum horizontal stress (σh)

38.0 (MPa)

Maximum horizontal stress (σH)

43.5 (MPa)

Figure 2.4: Distributions of fractures opening, fracture geometries, and minimum horizontal stress: (top)
stress anisotropy = 1 MPa, (bottom) stress anisotropy = 10 MPa (Kumar and Ghassemi, 2015).
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Liu et al. (2020) investigated the fracture-cluster spacing effect on MsHF using a lattice
simulation, XSite. A total of four cluster spacing values from 2 m to 5 m was investigated in their
study. A three-cluster model was used to understand the cluster spacing effect with all clusters
injected simultaneously. Figure 2.5 provides the study results for cluster spacing of 2 m and 5 m.
The results indicate that in a closer cluster spacing (2 m), the fracture propagation of the middle
cluster was affected by the propagation of the surrounding clusters. Insufficient cluster spacing
affected the propagation of the middle fracture, which has a fracture length of only 3.2 m (Figure
2.5, top). In contrast, in a sufficiently spaced cluster, the fracture could propagate longer to 9.3
m (Figure 2.5, bottom).

Figure 2.5: Fracture spacing effect on multistage hydraulic fracture: (top) fracture spacing = 2 m;
(bottom) fracture spacing = 5 m (Liu et al., 2020).
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Yong et al. (2021) investigated the effect of completion parameters (fracture spacing and
perforation density) and H.F. pumping parameters (injection rate and proppant concentration)
using an unconventional fracturing model (UFM). The UFM model is a mathematical model
based on a pseudo-three-dimensional plane H.F. model developed by Weng et al. (2011, 2012).
A 2D PKN model was used in their models to describe the relationship between fracture pressure
and width. Poiseuille's law was used as the fluid flow equation in a fracture (Nolte, 1991).
𝜕𝑃
1
𝑞 𝑞
= −𝛼0 2𝑛′ +1
| |
𝜕𝑠
ℎ𝑓𝑙 ℎ𝑓𝑙
𝜔
̅
𝛼0 =

𝑛′ −1

(2.4)

2𝐾 4𝑛 + 2 𝑛
(
)
𝜑(𝑛)𝑛
𝑛
2𝑛+1
𝑛

2𝐾
𝜔(𝑧)
)
𝜑(𝑛) =
∫ (
ℎ𝑓1 ℎ𝑓1 𝜔
̅

(2.5)

(2.6)
𝑑𝑧

Their study concluded that wider fracture spacing has less stress interference during fracturing,
which will generate more identical fracture geometry and stimulate a larger area than in close
fracture spacing. For small fracture spacings of 5 m and 10 m, the fractures interfered with and
propagated away from each other. The fracture interference has a less significant impact on the
broader fracture spacing, e.g., 15 m and 20 m. In addition, a well-spaced multistage hydraulic
fracture has a longer fracture length and stimulates a broader area than in a close-spaced fracture.
Figure 2.6 provides the results of multistage hydraulic fracture propagation in various fracture
spacings from 5 m to 20 m.
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Figure 2.6: Simulation results on MsHF in various fracture spacings (top left) fracture spacing of 5 m;
(top right) 10 m; (bottom left) 15 m; and (bottom right) 20 m (modified from Yong et al., 2021).

Their study investigated the effect of various injection rates during the fracturing operation. Their
simulation results showed that increasing injection rate would generate a more extended fracture
even though the stress interference between each fracture was also intensified. Figure 2.7
provides the simulation results for various injection rate. The low injection rate (10 m3/m – Figure
2.7 top left) generated more identical fracture geometry with a maximum fracture length of 150
ft while the fracture length could reach 300 ft with a high injection rate (30 m3/m – Figure 2.7
bottom).
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Figure 2.7: Simulation results on MsHF in various injection rate (top left) fluid injection rate of 10
m3/m; (top right) 20 m3/m; (bottom) 30 m3/m (modified from Yong et al., 2021).

2.3. Analytical Models
Gorjian et al. (2021) investigated the changes to the in-situ stress field around an H.F. resulting
from mechanical, poroelastic, and thermo-elastic effects through analytical and numerical
simulations. They used an improved Pollard and Segall (1987) method for the mechanical effects
to model stress shadow around a fracture under idealized conditions (e.g., homogeneous, and
isotropic rock properties, linear elastic material behavior, and 2-dimensional plane strain
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geometry). Figure 2.8 provides the geometric illustration of stress distribution around an
idealized 2D ellipse shape H.F.

Y
θ1
R1
L

θ

X

R

(X,Y)
R2

θ2
Figure 2.8: Induced mechanical stress around a hydraulic fracture. The stress change is calculated in
multiple (X, Z) points.

According to the illustration shown in Figure 2.8, the stresses, 𝜎𝑥 , 𝜎𝑦 , and 𝜎𝑧 , are labeled
following the X-, Y-, and Z-axis, respectively with 𝜔
̅ is the fracture average width. Pollard and
Segall (1987) equations to determine the stresses at point (x, y) are given as:

∆𝜎𝑥 = −

2𝐸′𝜔
̅ 𝑅
𝐿 2𝑅
[ cos(𝜃 − 𝜃𝑎𝑣𝑒 ) − 1 − ( ) 3 sin(𝜃) sin(3𝜃𝑎𝑣𝑒 )]
𝜋ℎ 𝑟
2 𝑟
𝐿 2𝑅
𝑐
+ (𝜏𝑥𝑦 − 𝜏𝑥𝑦
) [( ) 3 sin(𝜃) sin(3𝜃𝑎𝑣𝑒 )]
2 𝑟

(2.7)

2𝐸′𝜔
̅ 𝑅
𝐿 2𝑅
∆𝜎𝑦 = −
[ cos(𝜃 − 𝜃𝑎𝑣𝑒 ) − 1 + ( ) 3 sin(𝜃) sin(3𝜃𝑎𝑣𝑒 )]
𝜋ℎ 𝑟
2 𝑟
+ (𝜏𝑥𝑦 −

𝑐
𝜏𝑥𝑦
) [(

𝐿 2𝑅
)
sin(𝜃) sin(3𝜃𝑎𝑣𝑒 )]
2 𝑟3
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𝑅
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𝑐
∆𝜏𝑥𝑦 = (𝜏𝑥𝑦 − 𝜏𝑥𝑦
) [ cos(𝜃 − 𝜃𝑎𝑣𝑒 ) − 1 − ( ) 3 sin(𝜃) sin(3𝜃𝑎𝑣𝑒 )]
𝑟
2 𝑟
−

(2.9)

2𝐸′𝜔
̅ 𝐿 2𝑅
[( ) 3 sin(𝜃) sin(3𝜃𝑎𝑣𝑒 )]
𝜋ℎ
2 𝑟

(2.10)

∆𝜎𝑧 = 𝜈(∆𝜎𝑥 + ∆𝜎𝑦 )
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Figure 2.9 presents the calculation results for the minimum and maximum horizontal stress
profiles at the beginning of pumping for stage 4. In conclusion, Gorjian et al. (2021) suggested
that poroelastic and thermo-elastic stresses are negligible for hydraulic fracturing in the Bakken
Formation; hence, they used the mechanical stress shadow to analyze MsHF treatments.
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Figure 2.9: Minimum and maximum horizontal stress profiles along the wellbore after pumping stage 2
and 3 (Gorjian et al., 2021).

Dohmen et al. (2014) presented analytical solution of stress shadow by combining Sneddon's
solution and Warpinski and Teufel (1987). This analytical solution to calculate the induced stress
increments are given as:

∆𝜎𝑥 = 𝑃𝑛 1 −
[

∆𝜎𝑧 = 𝑃𝑛 1 −
[

𝑥3
ℎ𝑓2⁄
( 4 + 𝑥2)

(2.16)

3⁄
2

]

𝑥ℎ𝑓2⁄
3
2+𝑥

(2.17)

3⁄
2

ℎ2
( 𝑓⁄4 + 𝑥 2 )

∆𝜎𝑦 = 𝜈(∆𝜎𝑥 + ∆𝜎𝑧 )
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where the σx and σz are the minimum horizontal stress and vertical stress, respectively. The
induced stress in the maximum horizontal direction (σy) can be obtained using Equation 2.18
because the fracture length is markedly long compared to the fracture. The stresses change profile
in the surrounding area along the fracture cross-section direction of an H.F. shows that a greater
fracture height generates a larger stress shadow area (see Figure 2.10). With an assumption that
no stress shadow when induced stress is equal to zero (0 psi), a fracture height of 300 ft would
have a stress shadow area as a minimum distance of 800 ft from the center of the hydraulic
fracture (see Figure 2.10 top). In contrast, a fracture height of 100 ft would have a smaller shadow
area, which is only as far as approximately of 400 ft (see Figure 2.10 bottom).
An extensive literature review showed that Pollard and Segall (1987) equations have similarities
with the one developed by Sneddon and Elliot (1946). All studies presented induced stress
distribution along the horizontal wellbore, in the direction of minimum horizontal stress and
vertical stress, while the induced stress distribution around the H.F. length, in the direction of
minimum and maximum horizontal stresses, has not been calculated analytically. Sneddon and
Elliot (1946) equations are the basic model of the analytical work in this study, which will be
discussed in detail in Chapter 4. The induced stress distribution around the hydraulic fracture or
in the direction of minimum and maximum horizontal stresses will be presented for one stage
and multistage hydraulic fracture. The result of the analytical work will then be compared with
the numerical simulation results to assess the applicability of the improved equations. The
numerical simulation and analytical work results comparison will be presented in Chapter 5.
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Figure 2.10: Induced stresses profile in the surrounding area along the wellbore
(top) fracture height of 300 ft; (bottom) fracture height of 100 ft (Dohmen et. al., 2014)
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CHAPTER 3
NUMERICAL SIMULATIONS

Understanding stress alteration around a hydraulic fracture (H.F.), known as stress shadow, has
been a topic of research study since the introduction of multistage hydraulic fracturing (MsHF) for
stimulation of unconventional plays. Stress shadow development is controlled by formation
properties (e.g., Young's Modulus, Poisson's Ratio, and stress anisotropy) and H.F. parameters
(spacing, fracture length and net pressure) (Taghichian, et. al., 2014; Cai et al., 2017). The stress
shadow will impact the propagation of the subsequent fractures in MsHF, which will also affect
the stimulated reservoir volume (SRV) and formation productivity in both short and long term
(Dohmen et al., 2017).
In this Chapter, formation properties and the state of stresses in the Bakken Formation were used
for numerical simulation purposes. The model geometry is discussed in the first section, followed
by presenting the results of numerical simulations. The last section of this Chapter presents further
results with regards to the effect of various stress anisotropy values and how this affects stress
shadow area and intensity.
3.1. XSite Lattice-Based Simulator
A lattice-based simulator, XSite, was used in this work for hydraulic fracturing simulation. MsHF
simulation is a feature embedded in the simulator. The simulator is capable of modeling proppant
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transport and embedment, three-dimensional fracture propagation and reorientation, and
interaction between hydraulic fractures and natural fractures (Potyondy and Cundall, 2004; Pierce
et al., 2007; Damjanac et al., 2011).
The lattice model of XSite is composed of a random array of lattice nodes and connecting springs.
The lattice nodes are distributed relatively uniformly with an irregular pattern. The lattice nodes
represent macro-scale grains of rocks. Normal and shear stiffness are applied to the micro-scale
springs to represent macro-scale rock mechanical properties. The lattice-spring model corresponds
to rocks with randomly distributed grains and mechanical properties.
In the lattice-spring model, the smooth joint model (SJM), represents the pre-existing joint, enables
the springs between lattice nodes to slip or separate. Hydraulic fracturing is a process of creating
new fractures via fluids and proppants injection, which causes the failure of rocks. The SJM allows
XSite to model breakage of existing springs due to the loads on springs exceeding the limit, as
shown in Figure 3.1 The SJM also allows natural fractures or discrete fracture networks (DFN) to
be simulated by inserting new joints directly into the existing lattice-spring models. This enables
XSite to simulate the interaction between hydraulic and natural fractures (Cundall, 2011).
Fluid flow and mechanical processes are fully coupled in XSite for modeling hydraulic fracturing.
The lattice-spring model with SJM contributes to the modeling of the mechanical process. Fluid
flow can be simulated explicitly in XSite using a mechanical incompressible flow (MIF)
formulation. Conventional fully coupled fluid flow-mechanical models require a small time-step
to maintain the stability of the model. The newly proposed MIF formulation allows XSite to
simulate hydraulic fracture propagation and fluid flow in fractures using a larger time-step while
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maintaining model stability. Therefore, computational efficiency is greatly improved (Damjanac
et al., 2011; Damjanac et al., 2016).

Figure 3.1: Schematic of lattice model presenting randomly distributed lattice nodes (blue circle), springs,
and a joint plane formed by breakage of springs (Cundall, 2011).

3.2. Model Geometry and Specifications
Taghichian et al. (2014) and Cai et al. (2017) reported that H.F. parameters and formation
properties control stress shadow development. The main parameters for the hydraulic fracture are
fracture spacing, fracture length, and fracture net pressure, while the formation properties include
Young's Modulus, Poisson's Ratio, and stress anisotropy. In this research work, these six properties
are the parameters investigated to understand the stress shadow development around a MsHF.
For the numerical model, the Bakken Formation properties were used as reference. Table 3.1
provides the basic input parameters used in this study. The Poisson's Ratio and Young's Modulus
of the Bakken Formation are varied within a range obtained from two U.S. Department of Energy
(DOE) funded projects (Schmidt et al., 2011; Ling et al., 2013), as shown in Table 3.2.
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Table 3.1. Bakken data used as the input parameters for the simulations.

Parameters

Values

Unit

2650

Kg/m3

3.626–5.802

Mpsi

UCS

7250

psi

T0, Tensile Strength

725

psi

1820.1

Mpsi.in0.5

Density
Young's Modulus (E)

K, toughness
Poisson’s Ratio (ν)

0.25

σh

6450–8900

psi

σH

7733–8933

psi

σv

9930

psi

As a base case, a three-stages H.F. model was generated to study fracture propagation, where no
stress shadow was present. The impact of any additional induced fracture propagation due to the
development of the stress shadow was then investigated. At a later stage, this model was also used
to demonstrate the stress shadow effect on MsHF. Figure 3.2 illustrates the general numerical
simulation workflow of this research work.
Table 3.2. Poisson's Ratio and Young's Modulus of the Bakken Formation.

Formation Properties

Values

Unit

0.24–0.32 (Schmidt et al., 2011)
Poisson's Ratio (ν)
0.22–0.31 (Ling et al., 2013)
3.50–9.50 (Schmidt et al., 2011)
Young's Modulus (E)

Mpsi
3.69–11.72 (Ling et al., 2013)

The three-stage H.F. model was generated using XSite with a height (𝐻𝑚 ), length (𝐿𝑚 ), and width
(𝑊𝑚 ) of 100 ft, 1400 ft, and 1000 ft, respectively. The length and width of the model are designed
to minimize or eliminate any boundary effects on the hydraulic fractures. Fracture propagation
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will change the stresses at the model boundary, commonly called boundary effects or far-field
stresses. The model sizes are designed so that the stress change at the model boundaries is minimal
and insignificantly alters hydraulic fracture direction and geometry. Determining the proper model
size is critical to ensure the H.F. propagation direction and geometry are not influenced by the
model boundary effects, so the model parameters' true effects are observed from the simulation
results. The schematic of a three-stage hydraulic fracture model is shown in Figure 3.3.

Base Model

Sensitivity Analysis

Model Evaluation

• Three-Stage Model

• Formation Properties
• Fracture Geometries

• Hydraulic Fracture Propagation
• Stress Anisotropy
• Stress Shadow

Figure 3.2: General numerical simulation workflow of this research work.

Figure 3.3: Model geometry of the three-stage hydraulic fracture.
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3.3. Hydraulic Fracture Geometry
H.F. geometries consist of the fracture width (Wf), fracture half-length (Lf), and fracture height (hf),
as illustrated in Figure 3.4. In this study, the fracture height is contained by the model size so that
the fracture will have two-identical "wings" being 180° apart, and the length of one "wing" is
called fracture half-length (Lf). The effect of formation properties (Young's modulus and Poisson's
ratio) and Fracture net pressure (Pnet), as well as stress anisotropy on fracture half-length was
studied. The results are presented in the following sub-sections.

Lf

hf

Wf

Figure 3.4: Schematic illustration of simplified hydraulic fracture geometry (Wf, Lf, and hf).
3.3.1.

Poisson's Ratio

In theory, rocks with a lower Poisson's Ratio tend to be brittle and favor fracture propagation.
Poisson's Ratio was varied from 0.20 to 0.40 to identify its impact on H.F. geometry, especially
the length. Figure 3.5 and Table 3.1 presents the results, which indicate that fracture length remains
nearly the same (180 ft) regardless of the value of the Poisson's Ratio, meaning that this parameter
does not play a substantial role in fracture geometry.
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σh
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a
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σH
b
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σh
σH
c

σh
σH
d
Figure 3.5: Fracture geometry and minimum principal stress distribution for various Poisson’s ratio values
of (a) 0.20, (b) 0.25, (c) 0.30 and (d) 0.4, respectively.
Table 3.3. Fracture Length Results of Models
with Various Poisson's Ratio Values.
Poisson's Ratio

Fracture Length, ft

0.20

180

0.25

180

0.30

180

0.40

180
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3.3.2.

Young's Modulus

Young's Modulus (E) is known as the stiffness of material so that at a higher E value, the rock
becomes more brittle and easier to be fractured. In this stage, the value of E was varied from 3.63
to 5.80 Mpsi to study the effect of Young's Modulus (E) on fracture propagation. The same H.F.
treatment (injection rate, injection time, fluid type, and proppant concentration) was applied to all
models. The results of Figure 3.6 and Table 3.4 show that the H.F. propagates more easily into the
formation at the highest E value of 5.80 × 106 psi (Figure 3.6d). At the lowest E value of 3.63 ×
106 psi, the hydraulic fracture has the shortest Lf (Figure 3.6a). The results are in agreement with
the theory and imply that Young's Modulus plays an important role in H.F. half-length.

σh
σH
a
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σh
σH
b

σh
σH
c
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σh
σH
d
Figure 3.6: Fracture geometry and minimum principal stress distribution for various Young's modulus
value of (a) 3.63× 106, (b) 4.35 × 106, (c) 5.08 × 106, and (d) 5.80 × 106 psi, respectively.
Table 3.4. Fracture Length Results of Models
with Various Young's Modulus Values.

3.3.3.

Young's Modulus, psi

Fracture Length, ft

3.63 × 106

40

4.35 × 106

170

5.08 × 106

280

5.80 × 106

330

Fracture Net Pressure

During multistage hydraulic fracturing operations, there is a time gap between stimulating one
stage and subsequent stages. The time gap is mainly caused by the deployment technique, e.g.,
plug and perf or sliding sleeve, which allows the fracturing treatment pressure to dissipate.
Understanding the impact of fracture treatment-pressure dissipation provides a better
understanding of the fracture width and stress shadow development. This post-fracture treatment
pressure is illustrated as fracture net pressure, which is defined as:
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𝑃𝑛𝑒𝑡 = 𝑃𝑓𝑟𝑎𝑐 − 𝜎ℎ

(3.1)

where 𝑃𝑛𝑒𝑡 , 𝑃𝑓𝑟𝑎𝑐 , and 𝜎ℎ are the fracture net pressure, wellbore fracture pressure, and minimum
horizontal stress, respectively. The wellbore fracture pressure is defined as the pressure inside the
hydraulic fracture after injection ends. Figure 3.7 provides the illustration of Pnet in a hydraulic
fracture.
Top View of
Hydraulic Fracture

σh

σh
Pfrac

Wellbore

Hydraulic
fracture
σh
σH

Figure 3.7: Illustration of fracture net pressure in a hydraulic fracture.

In the simulation, the fracture net pressure was varied from –1000 psi to +1000 psi to investigate
the effect of fracture net pressure on H.F. geometry. A Young's Modulus of 4.35 × 106 psi and
Poisson's ratio of 0.25 were used for net pressure analysis to exclude the impact of rock properties.
The numerical simulation results show that the Pnet significantly affects the fracture width, called
aperture in the XSite. Figure 3.8 shows the impact of fracture net pressure on fracture width. The
net pressure varied from –1000, 0, +1000 psi, and no reset, as illustrated in Figure 3.8a–d. The
fracture width for each net pressure varies from 0.05 to 0.50 inches, as shown in Table 3.5. Figure
3.8d, where the fracture net pressure was maintained at the fracture pressure or called no reset
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pressure, confirms that the change in net pressure at the end of the fracturing job has a significant
impact on the fracture width.
Table 3.5. Fracture width results of models with various net pressures.

Net Pressure, psi

Fracture Width, in.

–1000

0.05–0.11

0

0.13–0.28

1000

0.21–0.48

No Reset

0.30–0.50

Aperture
(inch)
0.5
0.4
0.3
0.2
0.1
0.0

σh
σH
a

Aperture
(inch)
0.5
0.4
0.3
0.2
0.1
0.0

σh
σH
b
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Aperture
(inch)
0.5
0.4
0.3
0.2
0.1
0.0

σh
σH
c

Aperture
(inch)
0.5
0.4
0.3
0.2
0.1
0.0

σh
σH
d

Figure 3.8: Fracture width for various Pnet values of (a) –1000, (b) 0, and (c) +1000 psi, and (d) no reset
pressure, respectively.

Figure 3.9 shows the impact of fracture net pressure on fracture length. The net pressure varied
from –1000 to 0 to +1000 psi, as illustrated in Figure 3.9a–c. The fracture length for each net
pressure is around 230 ft, as shown in Table 3.6. Figure 3.9d, where the fracture net pressure was
maintained at the fracture pressure or called no reset pressure, confirms that the change in net
pressure at the end of the fracturing job has an insignificant effect on fracture length.
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Table 3.6. Fracture length results of models with various net pressures.

Net Pressure, psi

Fracture Length, ft

–1000

240

0

220

1000

240

No Reset

220

σh
σH
a

σh
σH
b
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σh
σH
c

σh
σH
d
Figure 3.9: Fracture length and minimum principal stress distribution for various Pnet values of (a) –1000,
(b) 0, and (c) +1000 psi, and (d) no reset pressure, respectively.

As Pnet values changes, alteration in stress magnitude and direction, called stress shadow, is
evident. An increase in Pnet generated a wider fracture which expands the stress shadow area in the
lateral direction, as shown by the black box in each figure. This wider fracture generates more
compression to the surrounding formation and determines the size of the stress shadow area. Figure
3.9a shows the least stress shadow area. The stress magnitude changed from initially green dash
lines to orange-red dash lines, and the stress direction altered from the horizontal direction to
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approximately 0 – 30°. This smallest stress shadow area is generated by the thinnest fracture width
of an average of 0.075 inches.
On the contrary, the largest stress shadow area (Figure 3.8d) represents the most significant
alteration in stress direction, where the stress rotated up to 90°, caused by the widest fracture width
of 0.40 inches. This evaluation explains an indirect relationship between Pnet and the stress shadow
area. Table 3.7 summarizes the stress shadow area of models with various net pressures.
Table 3.7. Stress shadow area results from models with various net pressures.

3.3.4.

Net Pressure, psi

Stress Shadow Area, ft2

–1000

115,200

0

172,800

1000

230,400

No Reset

232,200

Stress Anisotropy

In the case of a vertical-induced fracture, the horizontal stress anisotropy significantly impacts the
fracture's propagation and geometry. The horizontal stress anisotropy is a difference between
maximum horizontal stress (𝜎𝐻 ) and minimum horizontal stress (𝜎ℎ ), which is expressed as:
∆𝜎 = 𝜎𝐻 − 𝜎ℎ

(3.2)

The change of minimum and maximum in-situ horizontal stresses also leads to the change in
breakdown pressure (𝑃𝑏 ), expressed as (Rummel, 1987):
𝑃𝑏 = 3𝜎ℎ − 𝜎𝐻 − 𝑃𝑝 + 𝑇0

(3.3)

where 𝑃𝑝 and 𝑇0 are pore pressure and tensile strength, respectively. Equation 3 shows that a higher
stress anisotropy model requires a lower fracture breakdown pressure while nearly no anisotropy
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model has the highest fracture breakdown pressure. Therefore, each model's breakdown time
differs depending upon the initial in-situ stress conditions.
In the numerical simulation model, an injection time is an input parameter to the model. The
injection time (tinjection) is defined as the total time required to reach breakdown pressure (tpress) and
propagation time (tprop). Figure 3.10 illustrates the injection time, pressurization time, and
propagation time, where:
𝑡𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 = 𝑡𝑝𝑟𝑒𝑠𝑠 + 𝑡𝑝𝑟𝑜𝑝

(3.4)

P

tprop

tpress

tinjection

t

Figure 3.10: Illustration of injection pressure, pressurization time, and propagation time of hydraulic
fracturing.

Each model has the same injection rate, which means the pressurization rate is the same for each
model. The injection time (tinjection) for each model was set to ensure the fracture generated has a
similar length to eliminate the possibility of analyzing two parameters at a time. Implementing this
approach, the same propagation time (tprop) helped to understand the effect of each parameter.
Figure 3.11 provides the workflow to determine the propagation time for each model.
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Determine injection
time

Evaluate pressurization
time

Determine injection
time for each model

• Initial tinjection

• tpress of each model

• tprop and tinjection

Figure 3.11: Numerical simulation workflow to determine tprop.
Table 3.8. Input parameters for stress anisotropy analysis.

Parameters

Values

Unit

Stress Anisotropy (ΔS)

83–2483

psi

Young’s Modulus (E)

4.35

Mpsi

Poisson’s Ratio (ν)

0.25

Total Horizontal Stress
Injection Rate (Qinj)
Propagation Time (t_pp)
Fracture Spacing (Xc)

15,383

psi

10

BPM

0.932–1.14

min

80–200

ft

The stress anisotropy simulation results are shown in Figure 3.12. In an anisotropic formation
(Figure 3.12a-b), the fracture propagates in the direction perpendicular to the least resistance stress,
which is the minimum horizontal stress. While at low to no stress anisotropy formation (Figure
3.12c-d), the fracture propagation deviates from the maximum horizontal stress direction since
both horizontal stresses have similar resistance. The difference in stress anisotropy affects the
propagation direction of a fracture but has an insignificant impact on the Lf. The simulation results
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show that the fracture length shows a slight variation from 250 ft to 270 ft, with an average of 260
ft, as summarized in Table 3.9.
Table 3.9. Fracture Length Results of Models with Various Stress Anisotropy Values.

Stress Anisotropy, psi

Fracture Length, ft

2483

250

1683

260

983

260

83

270

Stress Tensor
Field
8,500

6,000

σh
σH
a

3,500
Stres s (ps i )
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Stress Tensor
Field
8,500

6,000

σh
σH
b

3,500
Stres s (ps i )
Stress Tensor
Field
8,500

6,000

σh
σH
c

3,500
Stres s (ps i )

Stress Tensor
Field
8,500

6,000

σh
σH
d

3,500
Stres s (ps i )

Figure 3.12: Stress anisotropy effect on fracture propagation. The values of stress anisotropy are
(a) 2483, (b) 1683, (c) 983, and (d) 83 psi.
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The results presented so far indicate that Poisson's Ratio, net pressure, and stress anisotropy have
little-to-no effect on the H.F. half-length (Lf) geometry. Young's Modulus has a significant effect
on Lf, which is also one of the main parameters in determining the stress shadow. Further
simulations were performed to understand the stress shadow development in an MsHF operation.
3.4. Stress Shadow Development
In this section, we investigate the effect of parameters that directly impact stress shadow
development, such as fracture half-length, net pressure, and stress anisotropy.
3.4.1.

Fracture Length (Lft)

As stated previously, Young's Modulus plays an important role in determining fracture length. At
the same time, the other parameters (Poisson's Ratio, net pressure, and stress anisotropy) have a
less-to-no effect on fracture length. Twenty-five models were built to investigate the impacts of
changing mechanical rock properties and cluster spacing on the growth of H.F. and the stress
shadow regime. The inputs for this sensitivity analysis are shown in Table 3.10.
The models were assumed impermeable, with no fluids inside porous media. The fluid flow was
assumed to occur only in fractures. After each injection stage, the pressures in the wells and
fractures were reset to 5000 psi to represent a well shut-in effect, where reservoir pressure is
assumed to be 5000 psi. The simulation results of aperture and stress distribution at different stages
of the models are provided in Appendix A. The stress shadow area is an area where the magnitude
and the direction of stresses are altered. The geometry of the stress shadow area is assumed as a
rectangular shape with length (L), height (H), and area (A), as shown in Figure 3.13. The height
(H) is twice the fracture length (Lf) or the total fracture length (Lft). The stress shadow area is
determined by the change in the magnitude and direction of the minimum horizontal stress. In this
case, the change larger than 10% of the initial minimum horizontal stress is considered a stress
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shadow area. For example, in Figure 3.13, the red box shows an area where the direction of the
minimum horizontal stress changed from the horizontal direction and the magnitude increased
from dark blue (7950 psi) to light blue (8600 psi) to light green (8900 psi).
Figure 3.14 provides the sensitivity analysis results of E and ν values with the investigated fracture
length of 140 ft to 380 ft. The graphs show a linear relationship between the stress shadow area
(𝐴𝑠𝑠 ) and fracture total length (𝐿𝑓𝑡 ), or 𝐴𝑠𝑠 ≈ 𝑓(𝐿𝑓𝑡 ). Further investigation is required to define
the more realistic geometry of the stress shadow area. The results from this phase concluded that
further investigation should be performed using the same fracture geometry (length and width).
Ensuring the same fracture geometry in each model eliminates the complexity of understanding
the effect of each investigated parameter.
Table 3.10. Input parameters for stress shadow area analysis.

Parameters

Values

Unit

Length (𝐿𝑚 )

1800

ft

Width (𝑊𝑚 )

600

ft

Height (𝐻𝑚 )

100

ft

4.35–5.80

Mpsi

Model Size

Young’s Modulus (E)
Poisson’s Ratio (ν)

0.2–0.3

σh

7953

psi

σH

8933

psi

σv

9925

psi
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Figure 3.13: Schematic illustration of the stress shadow measurement: the dashed lines show the
magnitude and direction of minimum principal stress; the stress shadow regime is the red rectangle where
minimum principal stress deviates from initial orientation; A, L, and H correspond to the area, length, and
height of the stress shadow regime.
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Figure 3.14: Summary of numerical simulation results on various E and ν values, plotted as stress shadow
area versus fracture total length.
3.4.2.

Fracture Net Pressure

Fracture net pressure (Pnet) is the pressure differential within a fracture and the minimum horizontal
stress, as shown in Equation 3.1 and Figure 3.7. An H.F. is a disturbance to an intact rock so that
the net pressure may affect the development of stress shadow. Stress shadow is a change in stress
magnitude and direction in the vicinity of a hydraulic fracture.
The Pnet was varied from –1000 to 0 to 1000 psi to represent the fracture pressure dissipation
process after completing the fracture propagation process. The lowest net pressure (–1000 psi)
represents the depleted fracture condition or after a flowback process. The moderate Pnet (0 psi)
represents an equilibrium condition with adequate time (i.e., plug-and-perf) between one stage and
subsequent stages to allow the fracture pressure to dissipate. In comparison, the high Pnet (1000
psi) represents a condition where the fracture pressure has inadequate time to dissipate entirely
before fracturing the subsequent stage. The black box in Figure 3.15 shows the stress shadow area
in the vicinity of the hydraulic fracture. Increasing the Pnet from –1000 to 1000 psi enlarges the
51

Chapter 3 Numerical Simulations
first-stage stress shadow area from 115,200 to 230,400 ft2, as shown in Table 3.11. Figure 3.15d
shows the results where the stress shadow area is 232,000 ft2, slightly larger than that of Pnet =
1000 psi. The results imply that higher Pnet results in a broader stress shadow area. A no-reset case
was also performed to represent a condition where the H.F. has no time to relax in between H.F.
treatment.
The simulation results indicate that the stress shadow area is dynamic and a function of net
pressure. Providing an adequate time for the fracture allows the Pnet to decrease, shrinking the
stress shadow area. Further investigation is necessary to understand the relationship between time
and net pressure depletion during H.F. stimulation or production, which is beyond the objective of
this research.
Table 3.11. Stress shadow area results from models with various net pressures.
Net Pressure, psi

Stress Shadow Area, ft2

–1000

115,200

0

172,800

1000

230,400

No Reset

232,000
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σh
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c
Hydraulic
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area (black box)

σh
σH

d
Figure 3.15: Stress shadow area (black box) corresponding to the Pnet value of (a) –1000, (b) 0, (c) +1000
psi and (d) no reset pressure. Three-stage model with cluster spacing Xc = 200 ft.
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3.4.3.

Stress Anisotropy

As discussed in the previous section, stress anisotropy affects fracture propagation and fracture
length. Further investigation on the effect of stress anisotropy was performed by varying the stress
difference from 2483 psi to 1683 psi, 983 psi, and 83 psi, which are considered from high to
moderate, low, and nearly no stress anisotropy (or isotropic case). This section focuses on the
impact of various stress anisotropy values on the direction of fracture propagation and the stress
shadow area.
Figure 3.16 shows the distribution of the minimum principal stress when the hydraulic fracture
propagated. For high and moderate stress anisotropy cases (Figure 3.16a and b), the fracture
propagates parallel to the direction of the maximum horizontal stress, whereas in low to no
anisotropy cases (Figure 3.16c and d), the fracture propagation deviates from the direction of the
maximum horizontal stress. The black line in Figure 3.16 represents the direction of maximum
horizontal stress, while the purple line represents the direction of fracture propagation. Table 3.12
reports the initial values of the minimum horizontal stress versus the values after fracture
propagation affected by the stress shadow. It is seen that post-fracture propagation stresses are
higher than the initial stress values.
Table 3.12. Comparison of minimum horizontal stress before and after hydraulic fracture, corresponding
to initial values and values affected by fracture propagation due to the stress shadow effect.
Stress Anisotropy

Initial Minimum Principal
Stress Value (psi)

Stress Shadow Minimum
Principal Stress Value (psi)

2483

6450

7250

1683

6850

7750

983

7200

8000

83

7650

8000
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Figure 3.16: Stress anisotropy effect on fracture propagation. The values of stress anisotropy are (a) 2483,
(b) 1683, (c) 983, and (d) 83 psi.

At the initial stage, the minimum and maximum horizontal stresses direction are in the X- and Ydirection, respectively. Introducing a fracture into the model changes the stress magnitude and
direction. Figure 3.17 provides the results for each stress anisotropy case where the stress shadow
area is shown by the color change and stress direction alteration. At high and moderate stress
anisotropy (Figure 3.17a and b), the hydraulic fracture altered the stress magnitude in the vicinity
of the fracture length, from green dashed line (6250 psi) to yellow–red dashed line (7250 – 7850
psi), while the direction of the stress is unchanged. At low stress anisotropy (Figure 3.17c), the
hydraulic fracture altered both the stress magnitude and the fracture propagation direction. Figure
3.17c shows that the minimum principal stress direction changed in some areas from 0° to ~30° of
its initial direction, while the magnitude changed from green dashed line (6500 psi) to yellow–red
dashed line (7500 – 8133 psi). At no stress anisotropy (Figure 3.17d), the H.F. changed both stress
magnitude and fracture propagation direction to a more significant degree. Figure 3.17d shows
that the stress rotated from ~45° to 90° from its initial direction and created the largest stress
shadow area compared to other cases.
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Figure 3.17: Stress anisotropy effect on stress magnitude and orientation in the vicinity of the fracture
length. The values of stress anisotropy are (a) 2483, (b) 1683, (c) 983, and (d) 83 psi..

The results presented here indicate that fracture length, net pressure, and stress anisotropy have a
significant effect on the stress shadow area, and the extent of this impact should be considered
based on the magnitude of each of these parameters. The next section will discuss the effect of
stress shadow on the propagation of the nearby fractures.
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3.5. Fracture Spacing Relationship to Stress Shadow
Understanding the stress shadow impact created by the propagation of the first fracture on the
propagation of the subsequent fractures is necessary to optimize the fracture spacing design. As
shown in Figure 3.14, a longer fracture length generates larger stress shadow areas, and the
relationship is linear. In contrast, less stress anisotropy causes a larger stress shadow area and
magnifies the stress shadow magnitude.
A three-stage H.F. model was generated, and fracture propagations were simulated to study this
effect. The first fracture propagated and reached its final length (see the right fracture in Figure
3.18c). Propagation of the second fracture (left one in Figure 3.18c) was affected by the stress
shadow created due to the propagation of the first fracture. In this model, the injection parameters
of both stages are the same; the fracture spacing is 200 ft, while the stress anisotropy value was
varied from 2483 to 83 psi. The length of the first fracture is 280 ft, representing a fracture spacing
to length ratio of 0.71. At high-stress anisotropy, the stress shadow at a fracture spacing ratio of
0.71 has little to no impact on the growth of the second fracture, even though the stress distribution
shows that the second fracture is located within the stress shadow area of the first fracture (black
box in shown in Figure 3.18a). At moderate to no stress anisotropy, the second fracture is affected
by the presence of the first fracture. The stress shadow not only reoriented the direction of the
second fracture growth but also contained the second fracture so that the fracture was unable to
grow as long as the first fracture did. The degree of reorientation becomes more extensive in a
lower-stress-anisotropy case than in a moderate-stress-anisotropy case.
The case of fracture spacing ratio of 0.5 was also simulated, and the results are shown in Figure
3.19. At this fracture spacing ratio, the stress shadow effect is different for each stress anisotropy
case. At high-stress anisotropy, the stress shadow has no significant impact on the second fracture.
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The second fracture propagated parallel to the first fracture and had a longer fracture length (260
ft) than the first fracture (250 ft). At moderate stress anisotropy, the stress shadow impacts the
growth of the second fracture but not the fracture orientation. In the moderate and low anisotropy
model, the second fracture propagated shorter, correspondingly 230 and 200 ft, compared to the
first fracture (250 ft), respectively. The no-stress-anisotropy model generated a different result
than other stress anisotropy cases. The second fracture is contained and reoriented, which explains
that the extent of stress shadow effect on the propagation of subsequent fracture is a function of
stress anisotropy.
Second fracture

First fracture

Stress shadow
area (black box)

σh
σH

a
Second fracture

First fracture

Stress shadow
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σH

b
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Figure 3.18: Stress anisotropy effect on nearby fracture propagation due to stress shadow with a fraction
spacing ratio of 0.71. The values of initial stress anisotropy are (a) 2483, (b) 1683, (c) 983, and (d) 83 psi.
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Figure 3.19: Stress anisotropy effect on nearby fracture propagation due to stress shadow with a fracture
spacing ratio of 0.5. The values of initial stress anisotropy are (a) 2483, (b) 1683, (c) 983, and (d) 83 psi.

63

Chapter 3 Numerical Simulations
Figure 3.20 shows the bi-fracture model with a fracture spacing ratio of 0.31. At this fracture
spacing ratio, the second fracture is affected severely by the stress shadow of the first fracture. The
impact affects the fracture length and orientation of the second fracture in each stress anisotropy
case. The second fracture tends to propagate toward the first fracture. In the low and no stress
anisotropy model, this interaction stimulates the existing fracture to propagate longer.
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Figure 3.20: Stress anisotropy effect on nearby fracture propagation due to stress shadow with a fracture
spacing ratio of 0.31. The values of initial stress anisotropy are (a) 2483, (b) 1683, (c) 983, and (d) 83 psi.

Figure 3.21 shows the bi-fracture model with a fracture spacing ratio of 1.00 with different stress
anisotropy values from 2483 psi to 83 psi. In most cases, within the range of stress differences of
2483 psi to 983 psi, the stress shadow has low to no impact on the second fracture propagation,
except at no stress anisotropy case. At high and moderate stress anisotropy cases, each model
generated similar results, where the second fracture propagation is independent of the presence of
the first fractures since a fracture spacing ratio of 1.00 is located at the edge of the stress shadow
area (black box). The second fracture tends to grow parallel to the first fracture and has a longer
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fracture length than the first fracture (Figure 3.21a and b). At low-stress anisotropy, the second
fracture propagation is within the stress shadow area, but the impact is minimal. The second
fracture propagated longer than the first fracture but was slightly reoriented. The most significant
stress shadow impact is shown at no stress anisotropy case where the second fracture propagated
shorter than the first fracture. Figure 3.21d shows that the second fracture is not only contained
but also slightly deviated from the direction of the maximum horizontal stress.
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Figure 3.21: Stress anisotropy effect on nearby fracture propagation due to stress shadow with a fracture
spacing ratio of 1.00. The values of initial stress anisotropy are (a) 2483, (b) 1683, (c) 983, and (d) 83 psi.

Despite the stress anisotropy changes showing a relatively insignificant impact on fracture length,
the effect on the stress shadow regime is significant, as seen in Figure 3.18 – Figure 3.21. The
stress shadow effect on the subsequent fracture can be minimized or eliminated by adjusting the
spacing between fractures. Based on the stress shadow analysis conducted in this work, the
optimum fracture spacing is at a fracture spacing ratio of 0.71 for high to low stress anisotropy
formation, while for no stress anisotropy formation, the fracture spacing should be greater than
1.0.
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Figure 3.22 provides an example of how the subsequent fracture geometry and propagation in
different normalized fracture spacing values. The initial stress anisotropy for this comparison is
2483 psi while the normalized fracture spacing values are 0.31, 0.5, 0.71, and 1.0. The comparison
result shows that the stress shadow generated by the first fracture has insignificant impact after a
specific distance, even though the second fracture is still located inside the black lines. This means
that the stress shadow area should be better defined, which is the discussion in of Chapter 4 and 5.
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Figure 3.22: Fracture spacing optimization to minimize the stress shadow impact on the subsequent
fracture. The normalized fracture spacings are (a) 0.31, (b) 0.5, (c) 0.71, and (d) 1.0.

Further investigation was performed to determine the impact of stress shadow accumulation on the
third fracture. At the same fracture spacing ratio of 0.71 and high-stress anisotropy model (2483
psi), the stress shadow accumulation from the first and second fractures was simulated before the
third fracture propagation is started. Figure 3.23 illustrates the stress shadow accumulation area
after the first two fracture propagations are completed. This figure shows that the location of the
third fracture is within the black lines but the simulation result shows that the first and second
fractures has less to insignificant impact on the propagation of the third fracture. The third fracture
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propagated parallel to the previous two fractures and has a similar length (230 ft versus 240 ft).
Figure 3.24 provides the results of the three-stage hydraulic fracture model in agreement with the
previous simulation results. This concludes that a normalized fracture spacing value of 0.71 is the
optimum spacing for the high-stress anisotropy formation.
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(black box)

σh
σH

Figure 3.23: Stress shadow accumulation area from the first and second fracture. The value of initial
stress anisotropy is 2483 psi.
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Figure 3.24: Stress shadow accumulation effect to the third fracture. The value of initial stress anisotropy
is 2483 psi.
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CHAPTER 4
ANALYTICAL MODEL

The stress alteration affects the propagation of the subsequent fractures in multistage hydraulic
fracturing (MsHF), which also affect the stimulated reservoir volume (SRV) (Dohmen et al., 2017)
and hydrocarbon recovery in both the short and long term. Predicting stress alteration along the
wellbore of a hydraulic fracture through analytical work has been performed by scientists and
researchers. However, a stress alteration around the hydraulic fracture from the wellbore to the
fracture tip has not been established. This chapter discusses a modification of an analytical model
that calculates stress alteration in the vicinity of a hydraulic fracture and the stress distribution
from the center of the hydraulic fracture to the fracture tip. A stress alteration in two hydraulic
fractures is also discussed. At the end of this chapter, the stress shadow criteria are presented to
define the true impact of stress shadow on subsequent hydraulic fractures.
4.1. Sneddon Elliott Stress Alteration
In 1946, Sneddon-Elliott proposed an equation to calculate a stress alteration in the vicinity of a
fracture. In their calculation, the fracture is generated under the action of a uniform internal fracture
pressure (Pnet). The fracture formed has a penny-shaped crack, as shown in Figure 4.1. The stresses
alteration in the vicinity of an H.F. along the fracture center is calculated as (Sneddon et al., 1946):

Chapter 4 Analytical Model

Figure 4.1: Illustration of penny-shaped fracture in Sneddon-Elliott model.
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where ∆𝜎
̅̅̅𝑣 and ∆𝜎
̅̅̅ℎ are the stress magnitude changes in the minimum horizontal and vertical
stresses, respectively, with b as the fracture height. The ∆𝜎
̅̅̅𝐻̅ is the stress magnitude change in the
vertical stress. The stress alterations in equations 4.1 to 4.3 are presented as a normalized value by
dividing the stress change by the fracture net pressure (Pnet), as shown in equation 4.4. This
analytical model calculates stress alteration distribution along the center of the hydraulic fracture.
Figure 4.2 illustrates the stress alteration distribution area using Sneddon-Elliot (1946).

𝜎̅ =

𝜎
𝑃𝑛𝑒𝑡

(4.4)
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Figure 4.2: Stress alteration calculation using Sneddon-Elliot (1946). The rectangular shape is used for
simplification but not the actual stress alteration shape.

4.2. Sneddon Elliott Application
Understanding the stress magnitude changes along the hydraulic fracture or wellbore center is
necessary, even though the changes dominantly affect the minimum horizontal and vertical
stresses. Figure 4.3 illustrates the hydraulic fracture geometry in unconventional plays. However,
in the unconventional plays, the MsHF are formed in the lateral section and propagated in the
direction of minimum and maximum horizontal stresses. The hydraulic fracture in the MsHF
system follows the PKN model, which differs from Sneddon-Elliot's penny-shaped crack. This
research applies Sneddon Elliot (SE) equations to the PKN model fracture to calculate the stress
alteration along the wellbore.
Figure 4.4 illustrates the area where the stress alteration is investigated. The initiation point is the
location along the wellbore where the hydraulic fracture initiates. This location has the most
impacted location since it determines the pressure required to fracture the formation and the
propagation direction of the fracture. The stress alteration is calculated using the fracture height
(b) in a penny-shaped fracture. According to its geometry, the fracture height in a penny-shaped
fracture can also be identified as fracture length (c), while in a PKN-shape fracture, these two
parameters (b and c) have different values. Because the PKN fracture is markedly long compared
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to its height, with a minimum length to height ratio of four, the stress alteration calculation is
affected dominantly by the fracture height (b). The same equations are used to calculate the stress
alteration along the wellbore of the PKN shape fracture.

z σV

σh

x
Lateral
section
y

Figure 4.3: Hydraulic fracture in the lateral section of unconventional play reservoir.

z σV
Initiation point of the
subsequent fracture
σh

x

y

Stress Alteration along
the lateral section
(1 dimension)

Figure 4.4: Stress alteration calculation along the wellbore around the hydraulic fracture center of
unconventional play reservoir.
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Figure 4.5: PKN-shape fracture geometry regarding the three principal stresses (σv, σH, and σh).

As the next step, the fracture net pressure (Pnet) is assumed uniform throughout the fracture
geometry to simplify the approach. Figure 4.6 illustrates uniform Pnet distribution along the fracture
height. The summation of equations 4.1 and 4.2 allows the calculation of vertical stress alteration
around the fracture in the vertical and minimum horizontal stress directions.

y

b

x
b

Pnet

Figure 4.6: Pressure inside the fracture, Pnet, is assumed uniform throughout the fracture height.
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In contrast, the subtraction of the same equations allows the calculation of minimum horizontal
stress alteration. The result of summation and subtraction of these equations are presented as
Equations 4.5, 4.6, and 4.7.
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The coordinates of the point for which the stress changes are calculated (see Figure 4.7) are
represented as the location of the point concerning the center (r), upper (r1), and lower (r2) tips of
𝑟

𝑟

𝑟

the hydraulic fracture, respectively. These values are divided by b and represented as 𝑏 , 𝑏1, and 𝑏2,
respectively, to take advantage of the normalized values. The z value is equal to zero since the
stress alteration calculation is performed along the wellbore.

z
θ1
r1

b

(x,0)

r

θ

x
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θ2
Figure 4.7: Model geometry to calculate the stress alteration along the wellbore (x,0).
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4.3. Stress Shadow Calculation
This section discusses the analytical results using SE equations to calculate the stress alteration in
the vicinity of a hydraulic fracture. In addition to a single fracture model, a two-fracture model is
used to assess the equation capability in considering the accumulation of stress alteration. One of
the numerical model inputs was utilized as the analytical model input to compare the analytical
and numerical model results. The highest initial stress anisotropy (2483 psi) was selected as the
analytical model input in this case. All inputs used are obtained from the literature review provided
in Chapter 3, while the fracture pressure, Pfrac, is obtained from the numerical simulation result.
The selected input used is listed in Table 4.1.
Table 4.1. Input parameters for the analytical model with stress anisotropy of 2483 psi.

Parameters

Values

Unit

Poisson's Ratio (ν)

0.25

σh

6450

psi

σH

8933

psi

σv

9925

psi

Pfrac

7944

psi

Equations 4.5 and 4.6 were used to calculate the magnitude of stress alteration at multiple points
around the H.F along the wellbore. The distance of each investigated point (x,0) is illustrated in
Figure 4.7. The distance on the x-axis is normalized by dividing the distance (x,0) by b, as shown
in Equations 4.8.
𝑥̅ =

𝑥
𝑐

(4.8)

The results using equations 4.5 and 4.6 are presented as a stress magnitude change, Δσ. Adding
each stress change to its initial value provides the post-fracture stress. For example, adding the
minimum horizontal stress change to the initial minimum horizontal stress (σh) provides the post77

Chapter 4 Analytical Model
fracture minimum horizontal stress (σh_frac). To magnitude of each stress alteration, the stress
distribution is shown as a normalized value (σh_norm), simply by dividing the value by the initial σh
value or using the equations 4.9 and 4.10. Using normalized value eases identifying the area
affected by stress alteration.
𝜎ℎ_𝑓𝑟𝑎𝑐 = 𝜎ℎ + ∆𝜎ℎ

(4.9)

𝜎ℎ_𝑓𝑟𝑎𝑐
𝜎ℎ

(4.10)

𝜎ℎ_𝑛𝑜𝑟𝑚 =

Figure 4.8 shows the result of the analytical calculation, which presents the change in the vertical,
maximum, and minimum horizontal stress along the wellbore. The hydraulic fracture is located in
the middle of the graph at (0,0). The stress changes are shown in psi, where the initial value without
alteration equals zero. The σh has the most significant change among the three stresses. The σH has
the lowest alteration near the hydraulic fracture. While further away from the fracture, the σH
change gets more dominant than the σv. As a comparison, Figure 4.9 provides the stress changes
in percentage by dividing the stress change (∆𝜎 (𝑝𝑠𝑖)) by its initial value (𝜎𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ), shown in
equation 4.11. The maximum and minimum stress change (in percentage) for each stress are
summarized in Table 4.2.

Figure 4.8: Stress alteration (in psi) along the wellbore for the 2483 psi stress anisotropy model.
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∆𝜎 (𝑝𝑠𝑖)
∆𝜎 (%) = (
− 1) × 100%
𝜎𝑖𝑛𝑖𝑡𝑖𝑎𝑙

(4.11)

Figure 4.9: Stress alteration (in %) along the wellbore for the 2483 psi stress anisotropy model.
Table 4.2. Maximum and minimum Δσ for a one-fracture model with initial stress anisotropy of 2483 psi.

Parameters

Maximum Change Minimum Change

σh

23.16%

5.58%

σH

8.00%

0.73%

σv

13.70%

-1.33%

In addition, a lower horizontal stress anisotropy, 1683 psi, model was assessed using equations
4.5, 4.6, and 4.7. The inputs for this analytical work obtained using the same approach are listed
in Table 4.3. Figure 4.10 and Figure 4.11 provide the results of analytical calculations on the 1683
psi stress anisotropy model. The result shows a similar trend to the previous model. The σh is
altered the most compared to the other two stresses. The σH has the lowest alteration near the
hydraulic fracture, while further away from the fracture, the σH change gets more dominant than
the σv. The maximum stress change on σh, σH, and σv are 1560, 745, and 1420 psi, respectively,
while the minimum value changes are 375, 68, and -138 psi.
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Table 4.3. Input parameters for the analytical model with initial stress anisotropy of 1683 psi.

Parameters

Values

Unit

Poisson's Ratio (ν)

0.25

σh

6850

psi

σH

8533

psi

σv

9925

psi

Pfrac

8407

psi

Figure 4.10: Stress alteration (in psi) along the wellbore for the 1683 psi stress anisotropy model.

Figure 4.11: Stress alteration (in %) along the wellbore for the 1683 psi stress anisotropy model.
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A stress alteration on a two-fracture model was calculated using these equations with a fracture
spacing of 200 ft. All the inputs are summarized in Table 4.4. The stage-2 fracture was generated
after stage-1 fracture propagation was complete for this evaluation. Figure 4.12 shows the change
in σh, σH, and σv for the two-fracture model, where the fractures are located at (-100,0) and (100,0).
The maximum stress change on σh, σH, and σv are 2342, 875, and 1348 psi, respectively. The
presence of stage-2 fracture generated a wider stress alteration area and higher stress alteration
magnitude since stage-2 fracture presence intensified the stress alteration generated by stage-1
fracture.
Table 4.4. Input parameters for the two-fracture model with stress anisotropy of 2483 psi.

Parameters

Values

Unit

Poisson's Ratio (ν)

0.25

σh

6450

psi

σH

8933

psi

σv

9925

psi

Pfrac

8407

psi

Fracture spacing

200

ft

Figure 4.12: The two-fracture model's stress alteration (in psi) along the wellbore.
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Figure 4.13: The two-fracture model's stress alteration (in %) along the wellbore.

Figure 4.14 compares the minimum horizontal stress alteration along the wellbore for one-, two-,
and three-fracture models. The result shows that adding more fractures into the lateral section
enhances the stress magnitudes along the wellbore. Table 4.5 compares the maximum and
minimum Δσh for one-, two-, and three-fracture models. The investigated values are within a lateral
section length of 600 ft.

Figure 4.14: Minimum horizontal stress alteration (in psi) along the wellbore for one-, two-, and threefracture models
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Table 4.5. A comparison of maximum and minimum Δσh for one-, two-, and three-fracture models.

Number of fractures Maximum Δσh (psi) Minimum Δσh (psi)
One

1494

360

Two

2342

800

Three

2771

1909

4.4.Sneddon-Elliot Summation and Subtraction Processes
This subchapter provides the process to obtain Equations 4.8 to 4.10 from Equations 4.5 to 4.7.
The summation of equations 4.5 and 4.6 allows the calculation of vertical stress alteration around
the fracture along the lateral section or the minimum horizontal stress direction.
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This process provides the vertical stress calculation shown below.
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(4.8)

In contrast, the subtraction of the same equations allows the calculation of minimum horizontal
stress alteration. The process is shown below.
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This process provides the minimum horizontal stress calculation shown below.
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(4.9)

4.5. Summary
This chapter presented the analytical model to calculate stress alteration distributions along the
lateral section. The Sneddon-Elliot equation was the basis of the analytical work in this research.
The SE equation is able to calculate the stress alteration distributions around a single H.F. and a
multistage hydraulic fracture. The stress alteration distributions in a single fracture, two-fracture,
and three-fracture models were presented in this Chapter. Comparisons between the analytical and
numerical results will be presented in Chapter 5. The comparison helps provide a new explanation
of stress shadow.
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CHAPTER 5
ANALYSIS

This Chapter compares the results from the analytical model presented in the preceding Chapter
with the numerical simulation results. The main objective of comparing the results is to understand
the degree of agreement between the analytical SE and the numerical simulation. In addition,
comparing the results helps to understand the impact of stress alteration on the subsequent fracture,
commonly called stress shadow impact. At the end of this Chapter, the new stress shadow criteria
are presented to define the true impact of stress shadow on subsequent hydraulic fractures.
5.1. Stress Alteration Comparison
This section compares the stress alteration area generated using the analytical SE and numerical
simulation. The comparison was made in a model with 2483 psi anisotropy and normalized
hydraulic fracture spacing of 0.71. As discussed in Chapter 3, the normalized fracture spacing of
0.71 is the minimum distance in an anisotropic formation where the stress alteration has an
insignificant impact on the subsequent hydraulic fracture. All the model input parameters for
comparison are summarized in Table 5.1. In general, these inputs correspond to the Bakken
Formation properties.
The σh and σH stress values along the wellbore were exported and compared with the analytical SE
result. Figure 5.1 provides the post-fracturing minimum horizontal stress distribution generated by
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the numerical simulation (XSite) for the initial stress anisotropy of 2483 psi. The red dashed line
highlights the investigated stress alteration area, which is around 300 ft away from the center of
the hydraulic fracture along the wellbore. The numerical simulation has a resolution of five feet,
while for determining the stress value along the wellbore, the resolution was changed to 30 ft, as
shown in Figure 5.1.
Table 5.1. The input parameters for the analytical-numerical comparison.

Parameters

Values

Unit

2650

Kg/m3

3.626–5.802

Mpsi

UCS

7250

psi

T0, Tensile Strength

725

psi

1820.1

Mpsi.in0.5

Density
Young's Modulus (E)

K, toughness
Poisson’s Ratio (ν)

0.25

σh

6450

psi

σH

8933

psi

σv

9930

psi

Normalized fracture spacing

0.71

Model resolution

5

ft

Figure 5.2 compares the σh value from the numerical data in blue dots and the analytical SE in the
orange dot line. The analytical SE result at the center of the hydraulic fracture shows a value of
7944 psi, while the numerical data shows 7621 psi. The analytical SE result near the hydraulic
fracture, within -100 ft to +100 ft, predicts a higher stress change than the numerical data but still
within a maximum 4.063 % difference. In contrast, further away from the hydraulic fracture, within
the 100 to 300 ft range, the analytical SE result shows good agreement with the numerical data.
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Figure 5.1: Investigated stress alteration area (red dashed line) from the numerical simulation result.

In addition, the σH was assessed to understand the agreement between the analytical SE and
numerical model results. Figure 5.3 compares the σH value from the numerical data in blue dots
and the analytical SE in the orange dot line. The analytical SE result at 30 ft from the hydraulic
fracture shows a value of 9514 psi, while the numerical data shows 9913 psi. The analytical SE
result near the hydraulic fracture, within -30 ft to +30 ft, predicts a lower stress change than the
numerical data but still within a maximum 4.194 % difference. In contrast, further away from the
hydraulic fracture, within the 30 to 270 ft range, the analytical SE result shows good agreement
with the numerical data. Overall, the analytical SE has better accuracy in calculating the σH than
σh, even though the maximum error is only 4.194 % and 4.063 %, respectively.
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Figure 5.2: Comparison of the minimum horizontal stress value generated by analytical SE (orange dots)
and numerical data (blue dots) for one fracture model with initial stress anisotropy of 2483 psi.

Figure 5.3: Comparison of the maximum horizontal stress value generated by analytical SE (orange dots)
and numerical data (blue dots) for one fracture model with initial stress anisotropy of 2483 psi.
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In addition to the previous model, another stress anisotropy (1683 psi) model was assessed and
compared. The value change for this model is listed in Table 5.2. Figure 5.4 compares the σh value
from the numerical data in blue dots and the analytical SE in the orange dot line. The analytical
SE result at the center of the hydraulic fracture shows a value of 8406 psi, while the numerical
data shows 8109 psi. The analytical SE result near the hydraulic fracture, within -90 ft to +90 ft,
predicts a higher stress change than the numerical data but still within a maximum 3.53 %
difference. In contrast, further away from the hydraulic fracture, within the 90 to 300 ft range, the
analytical SE result shows good agreement with the numerical data.
Table 5.2. The change in input parameters for the 1683 psi stress anisotropy comparison.

Parameters

Values

Unit

σh

6850

psi

σH

8533

psi

Figure 5.5 compares the σh value from the numerical data in blue dots and the analytical SE in the
orange dot line. The analytical SE result at 30 ft from the hydraulic fracture shows a value of 9276
psi, while the numerical data shows 9699 psi. The analytical SE result near the hydraulic fracture,
within -30 ft to +30 ft, predicts a lower stress change than the numerical data but still within a
maximum 4.56 % difference. In contrast, further away from the hydraulic fracture, within the 30
to 270 ft range, the analytical SE result shows good agreement with the numerical data. Overall,
the analytical SE has better accuracy in calculating the σH than σh, even though the maximum error
is only 3.53 % and 4.56 %, respectively. Table 5.3 summarizes the percentage difference between
the analytical SE and the numerical results for both models.
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Figure 5.4: Comparison of the minimum horizontal stress value generated by analytical SE (orange dots)
and numerical data (blue dots) for one fracture model with initial stress anisotropy of 1683 psi.

Figure 5.5: Comparison of the maximum horizontal stress value generated by analytical SE (orange dots)
and numerical data (blue dots) for one fracture model with initial stress anisotropy of 1683 psi.
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Table 5.3. Summary of the percentage difference between the analytical SE and the numerical data.

Initial stress anisotropy

σh

σH

2483 psi

4.19 %

4.06 %

1683 psi

3.53 %

4.56 %

5.2. Stress Anisotropy
This subsection discusses the stress anisotropy calculation generated by the analytical SE equation.
In the unconventional play, the H.F. is introduced in the lateral section, expecting to generate a
transverse fracture. A transverse fracture propagates perpendicular to the minimum horizontal
stress direction along the maximum horizontal stress direction, as shown in Figure 4.5 in
Chapter 4.
Figures 4.8 and 4.10 in Chapter 4 show that the H.F. has a more significant impact on the σh than
the σH. At the center of hydraulic fracture, the change in the σh is 1494.5 psi, while the change in
the σH is “only” 750 psi. This difference changes the horizontal stress anisotropy along the
wellbore, which impacts the propagation direction and geometry of the subsequent fracture.
Figure 5.6 shows horizontal stress anisotropy reduction along the wellbore after introducing a
hydraulic fracture. The maximum reduction in horizontal stress anisotropy is 38.27 % at a distance
of 50 ft from the center of the hydraulic fracture. This magnitude decreases with the distance and
reaches 11.85 % at a distance of 300 ft. The horizontal stress anisotropy value change is shown in
Figure 5.7. At a distance of 260 ft, the stress anisotropy is 2119 psi but continuously decreases
going closer to the fracture. At a distance of 80 ft, the stress anisotropy is 1553 psi. In a different
case, the stress anisotropy at 260 ft and 80 ft are 1303 and 713 psi, respectively, for the initial
stress anisotropy of 1683 psi, shown in Figure 5.8.
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Figure 5.6: Reduction in horizontal stress anisotropy (in percentage) after introducing one hydraulic
fracture for the 2483 psi model.

Figure 5.7: Horizontal stress anisotropy value after introducing one hydraulic fracture for the 2483 psi
model.
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Figure 5.8: Horizontal stress anisotropy value after introducing one hydraulic fracture for the 1683 psi
model.

Reducing horizontal stress anisotropy can be interpreted as increasing the pressure required to
initiate the subsequent fracture. During multistage hydraulic fracturing, the pore pressure (𝑃𝑝 ) and
tensile strength (𝑇0 ) can be assumed constant. This assumption simplifies equation 3.3 to the
equation shown below.
𝑃𝑏 = 3𝜎ℎ − 𝜎𝐻

(5.1)

The change in breakdown pressure can be calculated using equation 5.1. Table 5.4 provides the
difference in breakdown pressure due to changes in stress anisotropy. A lower stress anisotropy
formation requires a higher breakdown pressure, which also means a longer pressurization time
(tpress) to create the same fracture geometry (length, height, and width) than a high-stress anisotropy
formation, as shown in Figure 3.10.
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Table 5.4. Summary of the change in breakdown pressure due to changes in stress anisotropy.

Horizontal stress
anisotropy (psi)

Breakdown
Pressure (psi)

1683

12,017

1303

13,330

1143

13,902

929

14,709

713

15,691

5.3. Summary
In this Chapter, the comparisons between the analytical and numerical results were presented. The
analytical results were generated using analytical SE equations with initial stress anisotropy of
2483 psi. The analytical result showed a good agreement with the numerical results in calculating
the stress alteration around a hydraulic fracture along the wellbore. The difference in calculating
the stress alteration between the analytical SE and numerical model is less than 5%. Various stress
anisotropy models were compared to understand the degree of stress alteration around the
hydraulic fracture along the wellbore. The investigated distance was limited to 300 ft away from
the center of the hydraulic fracture since the stress alteration is less significant at a distance further
than 300 ft.
The hydraulic fracture alters the stress value around the fracture along the wellbore. The study
shows that the minimum horizontal stress gets impacted the most compared to the other two
stresses. The vertical stress is the second most impacted at a distance close to the fracture, but the
alteration becomes less significant further away from the fracture. This condition supports the
alteration in horizontal stress anisotropy. The stress anisotropy changes are more significant at a
distance between 0 and 100 ft than a distance further away from the fracture. The change in stress
anisotropy value affects the time (tpress) and pressure required to initiate the subsequent fracture.
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The study verifies less anisotropy formation requires a higher pressure to initiate a fracture than a
higher anisotropy formation.
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

The stress shadow development around multistage hydraulic fractures (MsHF) and its impact were
studied in detail in this research project. A new definition of the stress shadow was proposed to
distinguish the stress shadow and stress alteration around a hydraulic fracture. The conclusions of
this research project are presented in the first section of this Chapter, while some recommendations
are listed in the last part.
6.1. Conclusions
Some of the main conclusions of this research project are as follows:
•

A numerical simulation model size needs to be designed to ensure the fracture propagation is
not affected by the boundary effect.

•

Reservoir formation with a larger Young's modulus results in more extended fractures and a
wider stress shadow area.

•

Poisson's ratio has an insignificant effect on hydraulic fracture geometry and stress shadow
area.

•

Fracture net pressure provides insignificant effects on fracture geometry but extensively affects
the stress shadow area.

Chapter 6 Conclusions and Recommendations
•

A longer fracture length generates a wider stress alteration area. The relationship between
fracture length and stress alteration area is linear.

•

Generating an identical fracture length in a numerical simulation model is critical to
understanding each parameter's effect on stress shadow development. Each model should
investigate the propagation time to generate an identical fracture length. Once the propagation
time is verified, other parameters can be varied for further evaluation.

•

Stress anisotropy does not affect the fracture length. However, stress anisotropy influences the
propagation direction of a hydraulic fracture (HF).

•

The optimum normalized fracture spacing is 0.71 for high to low-stress anisotropy formation
and >1.0 for no-stress anisotropy formation.

•

Analytical Sneddon-Elliot (SE) equations can be utilized to calculate the stress alteration
around an HF and MsHF. The stress alteration results calculated using the analytical SE are in
good agreement with the numerical simulation results.

6.2.Recommendations
Finding from this study that may lead to other exploratory research projects or as a continuation
of this study include the following:
•

Providing enough time between fracture stages allows the fracture to relax, reducing the stress
shadow area. Stress shadow development is a dynamic process since the net pressure change
affects the size of the stress shadow area. This finding may lead to additional research in
identifying the optimum time between treating one fracture stage to another stage.

•

The stress shadow area is a function of fracture length, so the fracture spacing needs to be
designed based on each stage's fracture length. Identifying the impact of fracture spacing on
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the stimulated reservoir volume (SRV) is necessary to ensure the fracture spacing is optimum
from the geomechanical and hydrocarbon recovery aspects.
•

A further investigation of the analytical SE may be necessary to allow stress alteration
calculation for an orienting or curving fracture.

•

Adding the effect of pore pressure into the analytical model is beneficial to improving the
multistage hydraulic fracturing design and understanding the optimum time to perform
refracturing work.

•

A further modification of the analytical SE may be necessary by considering the net and pore
pressure's effects. Adding these two parameters is beneficial to enhancing the multistage
hydraulic fracturing design in adjacent wells where the existing wells/fractures have altered
the stresses and pore pressure.

•

Implementing the analytical SE into HF software may improve the MsHF design for the
industry. Adding this analytical model may enable the HF software to anticipate the stress
shadow effect on the subsequent fractures and adequately space out the fractures.

•

A further investigation of the analytical SE is necessary to allow stress alteration calculation
in a cluster system where the multiple fractures propagate simultaneously instead of
subsequently.
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A
APPENDIX A
This Appendix is imported from the published report: Zandy et al. (2020).
A.1. Detailed Results of Numerical Models
In this appendix, the detailed results of all models are provided. The results are provided in
sequential order following the timeline of the project. At the preliminary study, impacts of Young’s
modulus, Poisson’s ratio, and cluster spacing on hydraulic fracture geometry and stress shadow
were investigated. To simplify the analysis, a rectangular stress shadow regime with length, area,
and height was introduced. The stress shadow area, length, and height were calculated for a total
of 25 models. The relationship between stress shadow area and height was obtained based on this
preliminary study results. Second, the study included pore pressure. The effect of changing net
pressure on hydraulic fracture geometry and stress shadow was discussed. Third, the study
investigated the impact of stress anisotropy. For cases with the same fracture spacing, the same
propagation time instead of injection time was used. The complexity of the stress shadow area was
also discovered. In some cases, stress shadow regime contains change of stress magnitude, whereas
in other cases, the stress shadow regime shows change of stress direction. The last study
reinvestigated the impacts of rock properties and cluster spacing by applying pore pressure. The
results are different from the preliminary study.

A-1

A.2. Impacts of Rock Properties and Cluster Spacing on Hydraulic Fracture Geometry and
Stress Shadow (Preliminary Investigation)
This step is the preliminary study, where the impacts of Young’s modulus, Poisson’s ratio, and
cluster spacing on hydraulic fracture geometry and stress shadow were investigated. To simplify
the analysis, a rectangular stress shadow regime with length, area, and height was introduced. The
stress shadow area, length, and height were calculated for a total of 25 models. The relationship
between stress shadow area and fracture length was obtained based on this preliminary study
results.
The simulation results of five-stage fracture model with Young’s modulus 𝐸 = 4.35 × 106 psi
and Poisson’s ratio 𝜈 = 0.25 are shown in and Figure A-1 and Table -1. The stress shadow regime
is measured using a rectangle with length (L), height (H), and area (A), as shown
Figure A-2. In these tables, Anew, Lnew, and Hnew are measured stress shadow area, length, and height
of the current stage. Anew is calculated using Equation A.1.
Anew = Lnew × Hnew

(A.1)

When a new fracture is generated, the stress shadow regime of the previous stage tends to shrink.
Therefore, Aold, Lold, and Hold were measured to represent stress shadow area, length, and height of
the previous stage. The relationship between Aold, Lold, and Hold is shown in Equation A.2.
Aold = Lold × Hold

(A.2)

Atotal is the cumulative stress shadow area of each stage. Ltotal is the measured length from the left
to the right side of the stress shadow at each stage. Hmax represents the maximum stress shadow
height of all stages. Atotal and Ltotal are calculated using Equations A.3 and A.4.
Ltotal =∑ Lold + Lnew

(A.3)

Atotal = ∑Aold + Anew

(A.4)
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Figure A-1. Five-stage model with cluster spacing 𝑋 = 250 ft, Young’s modulus 𝐸 =
4.35 × 106 psi, and Poisson’s ratio 𝜈 = 0.25. Labels 1–5 correspond to model results of Stages
1–5, respectively.
Table A-1. Five-Stage Model with Cluster Spacing 𝑿𝒄 = 𝟐𝟓𝟎 ft, Young’s Modulus 𝑬 =
𝟒. 𝟑𝟓 × 𝟏𝟎𝟔 psi, and Poisson’s Ratio 𝝂 = 𝟎. 𝟐𝟓: Area (A), length (L), and height (H)
of the Stress Shadow Regime for Each Stage
2
Stage Aold, ft Lold, ft Hold, ft Anew, ft2 Lnew, ft Hnew, ft Atotal, ft2 Ltotal, ft Hmax, ft
1
0
0
0
62,400
300
208
62,400
300
208
2
54,080
260
208
74,880
360
208
128,960
620
208
3
58,240
280
208
66,560
320
208
178,880
860
208
4
49,920
240
208
74,880
360
208
237,120 1140
208
5
54,080
260
208
54,080
260
208
270,400 1300
208

A-3

Figure A-2. Schematic illustration of the stress shadow measurement. The dashed lines
show the magnitude and direction of minimum principle stress; the stress shadow regime is
the red rectangle where minimum principal stress deviates from initial orientation; A, L, and
H correspond to the area, length, and height of the stress shadow regime.
The measurement results for all of the models are shown in Figure A-3.
A.3. Net Pressure Effect on Hydraulic Fracture Geometry and Stress Shadow (Secondary
Investigation)
In the preliminary investigation, since the models were assumed to have no fluids in matrix pores,
the pore pressure effect on in situ stresses was neglected and the effective vertical and horizontal
stresses of the models were overestimated. Therefore, the breakdown pressures were
overestimated. For the new models, an initial reservoir pressure of 5000 psi was applied and matrix
flow was allowed.
The simulation results of the preliminary investigation suggest that fracture reorientation is not
significant if cluster spacing is no less than 100 ft, indicating 100 ft is potentially an appropriate
cluster spacing for hydraulic fracturing design in the Bakken. However, the stress shadow effect
in the preliminary investigation might be underestimated considering that fracture pressure was
assumed to be reset to 5000 psi after each stage of injection.
In the second investigation, the fracture pressure was reset to different magnitudes to study the
effect of net pressure on hydraulic fracture geometry and stress shadow. The net pressure is defined
in equation A.1.
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A minimum horizontal stress (𝜎ℎ ) of 7950 psi was used for all secondary investigation models.
Sensitivity analysis was carried out using net pressure (𝑃𝑛𝑒𝑡 ) of 1000, 0, and –1000 psi to
investigate the effect of changing resetting pressure on stress shadow growth and hydraulic fracture
propagation. Models without resetting pressure were also built for comparison. These models
assume that the pressure will be maintained in fractures without fracture closure effect. The results
of each net pressure and fracture spacing are summarized in Tables A-2–A-4 and are shown in
Figure A-4–Figure A-6.
Table A-2. Three-Stage Model with Cluster Spacing 𝑿𝒄 = 𝟐𝟎𝟎 ft, Young’s Modulus 𝑬 =
𝟒. 𝟑𝟓 × 𝟏𝟎𝟔 psi, and Poisson’s Ratio 𝝂 = 𝟎. 𝟐𝟓: Area (A), Length (L), and Height (H) of the
Stress Shadow Regime for Each Stage
Case
𝑎1
𝑎2
𝑎3
𝑏1
𝑏2
𝑏3
𝑐1
𝑐2
𝑐3
𝑑1
𝑑2
𝑑3

A_old, L_old, H_old, A_new, L_new, H_new, A_total, L_total, H_max, A_avg,
ft2
ft
ft
ft2
ft
ft
ft2
ft
ft
ft2
0
0
0
115,200 240
480
115,200
240
480
115,200
115,200 240
480
91,840
280
328
207,040
520
480
103,520
65,600
200
328
104,960 320
328
285,760
760
480
95,253.33
0
0
0
172,800 360
480
172,800
360
480
172,800
153,600 320
480
129,600 360
360
288,000
680
480
144,000
72,000
200
360
115,200 320
360
345,600
840
480
115,200
0
0
0
230,400 480
480
230,400
480
480
230,400
115,200 240
480
246,400 560
440
371,200
800
480
185,600
123,200 280
440
270,400 520
520
496,000 1040
560
165,333.3
0
0
0
232,000 580
400
232,000
580
560
232,000
128,000 320
400
100,000 500
200
280,000
820
560
140,000
36,000
180
200
88,000
440
200
304,000
940
560
101,333.3
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Table A-3. Three-Stage Model with Cluster Spacing 𝑿𝒄 = 𝟏𝟒𝟎 ft, Young’s Modulus 𝑬 =
𝟒. 𝟑𝟓 × 𝟏𝟎𝟔 psi, and Poisson’s Ratio 𝝂 = 𝟎. 𝟐𝟓: Area (A), Length (L), and Height (H) of the
Stress Shadow Regime For Each Stage
Case
𝑎1
𝑎2
𝑎3
𝑏1
𝑏2
𝑏3
𝑐1
𝑐2
𝑐3
𝑑1
𝑑2
𝑑3

A_old, L_old, H_old,
ft2
ft
ft
0
0
0
96,000
200
480
43,200
120
360
0
0
0
105,600 240
440
57,600
160
360
0
0
0
115,200 240
480
38,400
160
240
0
0
0
112,000 280
400
36,400
140
260

A_new, L_new, H_new,
ft2
ft
ft
96,000
200
480
72,000
200
360
114,400 260
440
140,800 320
440
129,600 360
360
144,000 360
400
211,200 440
480
86,400
360
240
176,000 440
400
232,000 580
400
130,000 500
260
30,400
380
80

A_total, L_total, H_max,
ft2
ft
ft
96,000
200
480
168,000
400
480
247,200
580
480
140,800
320
440
241,600
600
440
305,600
760
440
211,200
440
480
249,600
600
480
345,600
840
480
232,000
580
480
284,000
780
480
285,600
800
480

A_avg,
ft2
96,000
84,000
82,400
140,800
120,800
101,866.7
211,200
124,800
115,200
232,000
142,000
95,200

Table A-4. Three-Stage Model with Cluster Spacing 𝑿𝒄 = 𝟖𝟎 ft, Young’s Modulus 𝑬 =
𝟒. 𝟑𝟓 × 𝟏𝟎𝟔 psi, and Poisson’s Ratio 𝝂 = 𝟎. 𝟐𝟓: Area (A), Length (L), and Height (H) of the
Stress Shadow Regime for Each Stage
Case
𝑎1
𝑎2
𝑎3
𝑏1
𝑏2
𝑏3
𝑐1
𝑐2
𝑐3
𝑑1
𝑑2
𝑑3

A_old, L_old, H_old, A_new, L_new, H_new, A_total, L_total, H_max, A_avg,
ft2
ft
ft
ft2
ft
ft
ft2
ft
ft
ft2
0
0
0
80,000 200
400
80,000
200
400
80,000
64,000
160
400
24,000 120
200
112,000
320
400
56,000
8000
40
200
38,400 160
240
131,200
400
400
43,733.3
0
0
0
123,200 280
440
123,200
280
440
123,200
88,000
200
440
67,200 240
280
184,000
480
440
92,000
11,200
40
280
28,800 240
120
188,800
520
440
62,933.3
0
0
0
249,600 480
520
249,600
480
520
249,600
104,000 200
520
86,400 360
240
268,800
560
520
134,400
19,200
80
240
25,600 320
80
272,000
600
520
90,666.7
0
0
0
243,600 580
420
243,600
580
520
243,600
117,600 280
420
38,000 380
100
251,600
660
520
125,800
8000
80
100
30,000 300
100
251,600
660
520
83,866.7
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Figure A-3. Relationship between new stress shadow area (A) and fracture total length
(Lft) for models of different rock properties.
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Figure A-4. Three-stage model with cluster spacing 𝑋𝑐 = 200 ft, Young’s modulus 𝐸 =
4.35 × 106 psi, and Poisson’s ratio 𝜈 = 0.25; a, b, and c correspond to the cases with net
pressure 𝑃𝑛𝑒𝑡 of –1000, 0, and 1000 psi, respectively; d corresponds to the case without
resetting pressure; and subscripted numbers represent Stages 1–3, respectively.
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Figure A-5. Three-stage model with cluster spacing 𝑋𝑐 = 140 ft, Young’s modulus 𝐸 =
4.35 × 106 psi, and Poisson’s ratio 𝜈 = 0.25; a, b, and c correspond to the cases with net
pressure 𝑃𝑛𝑒𝑡 of –1000, 0, and 1000 psi, respectively; d corresponds to the case without
resetting pressure; and subscript numbers represent Stages 1–3, respectively.
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Figure A-6. Three-stage model with cluster spacing 𝑋𝑐 = 80 ft, Young’s modulus 𝐸 =
4.35 × 106 psi, and Poisson’s ratio 𝜈 = 0.25; a, b, and c correspond to the cases with net
pressure 𝑃𝑛𝑒𝑡 of –1000, 0, and 1000 psi, respectively; d corresponds to the case without
resetting pressure; and subscript numbers represent Stages 1–3, respectively.
A.4. Stress Anisotropy Effect on Hydraulic Fracture Geometry and Stress Shadow
(Tertiary Investigation)
Third, the study investigated the impact of stress anisotropy. For cases with the same fracture
spacing, the same propagation time instead of injection time was used. The complexity of the
stress shadow area was also discovered. In some cases, stress shadow regime contains change
of stress magnitude, whereas in other cases, the stress shadow regime shows change of stress
direction. To exclude impact of changing fracture length on stress shadow, the same
propagation time (t_pp) was used for models with the same cluster spacing. Propagation times
of 0.932, 1.14, and 0.95 min were used for cluster spacing (𝑋𝑐 ) of 200, 140, and 80 ft,
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respectively. The results of stress anisotropy and fracture spacing investigations are
summarized in Table and shown in Figure A-7–A-10.
Table A-5. Summary of Cases for Investigation of Stress Anisotropy Impact on
Fracture and Stress Shadow Growth
Case
1
2
3
4
5
6
7
8
9
10
11
12

Sh, psi
6450
6450
6450
6850
6850
6850
7200
7200
7200
7650
7650
7650

SH, psi
8933
8933
8933
8533
8533
8533
8183
8183
8183
7733
7733
7733

Sv, psi
9925
9925
9925
9925
9925
9925
9925
9925
9925
9925
9925
9925

ΔS, psi
2483
2483
2483
1683
1683
1683
983
983
983
83
83
83

𝑿𝒄 , ft
200
140
80
200
140
80
200
140
80
200
140
80

t_inj, min
4.4
4.4
4.4
4.372
4.565
4.39
4.297
4.53
4.34
4.322
4.54
4.33

t_pb,
min
3.468
3.26
3.45
3.44
3.425
3.44
3.365
3.39
3.39
3.39
3.4
3.38

t_pp,
min
0.932
1.14
0.95
0.932
1.14
0.95
0.932
1.14
0.95
0.932
1.14
0.95

Xf, ft
250
320
280
260
310
280
260
320
280
270
300
270

Figure A-7. Fracture geometry and minimum principal stress distribution: for model (𝑖, 𝑗),
𝑖 = 1, 2, and 3 correspond to case number and 𝑗 = 1, 2, and 3 correspond to stage number.
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Figure A-8. Fracture geometry and minimum principal stress distribution: for model (𝑖, 𝑗),
𝑖 = 4, 5, and 6 correspond to case number and 𝑗 = 1, 2, and 3 correspond to stage number.

Figure A-9. Fracture geometry and minimum principal stress distribution: for model (𝑖, 𝑗),
𝑖 = 7, 8, and 9 correspond to case number and 𝑗 = 1, 2, and 3 correspond to stage number.

A-12

Figure A-10. Fracture geometry and minimum principal stress distribution: for model (𝑖, 𝑗),
𝑖 = 10, 11, and 12 correspond to case number and 𝑗 = 1, 2, and 3 correspond to stage
number.
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